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This dissertation includes a literature review and three manuscripts to be 
submitted to scientific journals. The literature review analyzes the major factors 
affecting recombination frequencies. In addition, it tries to determine if water 
stress and other commonly encountered environmental challenges have been 
reported as factors affecting meiotic recombination in maize. The first manuscript 
reports the effect of water stress on genetic recombination in maize genotype 
B73/M017. The second manuscript reports the effect of water stress on genetic 
recombination in maize genotype Mo17/H99. Finally, the third manuscript reports 
the effect of defoliation on genetic recombination in genotype Mo17/H99. The 
manuscripts are divided into sections: introduction, materials and methods, 
results and discussion. References are cited separately for the literature review, 
and for each of the manuscripts. Following the manuscripts a general conclusion 
is presented. Additional information and the raw data are presented in tables and 
figures in the appendix. 
Literature review 
Introduction 
The study of recombination variability started early in the 1900s and has 
been an important area of research. The development of techniques that detect 
variation at the level of DNA (i.e., RFLP, RAPD, SSRs etc.) opened a new era in 
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the study of recombination. These techniques allow a precise and easy way to 
measure recombination throughout the entire genome. In addition, the fact that 
DNA markers are detected regardless of the environmental conditions and the 
existence of codominant markers permits a definitive assessment of 
recombination. 
Plant genomes have the capacity to change in response to abiotic stress 
and other environmental signals, as documented for flax (Durrant, 1962, Cullis, 
1981), maize (McClintock, 1984), and tobacco (Lebel et al., 1993). Several of the 
changes have been reported as heritable. The genome is prepared to response 
to common challenges in a programmed way. The response to stress events is 
not always clear, but organisms must have mechanisms to mitigate them 
(McClintock, 1984). The response of the organisms to those challenges is not 
predictable in advance and sometimes the event must be observed several times 
to understand it (McClintock, 1984). The increase in recombination frequency 
has been proposed as one of the possible genome responses to stress (Parsons, 
1988; Korol et al., 1994). Furthermore, the effect of the environment on genetic 
recombination is believed to be an important evolutionary factor. An increase in 
recombination will produce a higher intra-population genetic variance that should 
increase the efficiency of selection (Korol et al., 1994). Therefore, the 
environment will affect natural populations by: 1) selecting individuals with 
genetic advantages for the present conditions, and 2) increasing the genetic 
variability subjected to selection. 
In breeding programs, the variation in the rate of recombination has 
important implications. The efficacy of backcrossing can be affected by low 
recombination rates by reducing the possibilities to eliminate linkage drag, and 
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affecting the recovery of the recurrent parent. A high rate of recombination, could 
also affect if favorable linkage blocks are disrupted. In addition, recombination 
usually differs between sexes so the correct selection of male or female may alter 
the recovery of recombinants. Finally, if the amount of recombination may be 
managed then it may be possible to generate variability that is not present under 
normal conditions. 
The objectives of this literature review are to briefly analyze the major 
factors affecting recombination frequency and to determine if water stress and 
defoliation stress have been investigated with relation to recombination in maize. 
This review will be divided in three major parts: External factors modifying 
recombination (temperature, nutrition, chemicals, X-rays, and others), sex 
differences in recombination frequencies, and genetic factors affecting 
recombination 
External factors modifying recombination frequency 
During meiosis (prophase I) the homologous chromosomes pair and 
interchange DNA segments; the interchange is called crossing-over. Usually we 
cannot count crossovers, and markers (i.e. genetic, morphological) or cytological 
data are used to assess the interchange. This is the recombination frequency 
(observed chromosomal interchange after meiosis). 
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Several external factors have been shown to have an important influence 
on the frequency of recombination for different species. Experiments have been 
done with chemicals, different levels of nutrients, X-rays, mutagenic agents and 
temperature (Parsons. 1988). Among these external factors, the effect of 
temperature has been frequently investigated. 
Bridges (1915) and Plough (1917) showed that physiological conditions 
could affect recombination. Most of the initial work was conducted in Drosophila 
melanogaster. Plough (1917) showed that recombination increased in 
centromeric regions when the flies were changed from the normal habitat (25°C) 
to lower or higher temperatures. A threefold increase was observed at 13 °C and 
31 °C compared to the normal habitat (25°C). Similarly Graubard (1932 cited in 
Parsons, 1988) reported a two-fold increase over a narrow range of temperatures 
and Stern (1926) found an increase in recombination of approximately 8.5 times 
in the Bar-bobbed region of chromosome 1 when he raised females of Drosophila 
at 30°C instead of 25°C. 
Other studies found that temperature stress increased recombination 
especially in the centromeric region and that the increase in recombination can 
be explained by a decrease in genetic interference. Parsons (1988) summarized 
several studies and concluded that in Drosophila, recombination increases and 
interference decreases when the temperatures are above or below those in which 
flies have become adapted, and that these changes are especially large in 
centromeric regions. 
Parsons (1988) also compiled examples from other eukaryotic organisms, 
and found that each species presented particularities. In Coprinus lagopus, cold 
temperatures have a larger effect than heat treatments. In Shizophyllum 
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commune, different temperature effects were observed depending on the mating 
factor under study. In general, most of the data showed higher recombination at 
extreme temperatures, concurring with the Drosophila experiments. 
Poliakova (1940) was among the first to analyze the effects of stress on 
recombination in plants. Studying Allium cepa, that as occurred in Drosophila 
recombination increased at higher and lower temperatures than those of the 
adapted habitats (cited in Shams-UI-lslam Kham, 1956). Shams-UI-lslam Kham 
(1956) used microsporocyte quartet analysis to study the effect of temperature in 
maize (Zea mays L). The quartet analysis consisted of the use of translocation 
between any chromosome and chromosome 6; which contains the nucleolar 
organizer. By observing the nucleolus remained organized or not, he could 
assess the crossover frequency. During the phase of active growth, he observed 
that low temperatures (36°F vs. 50°F) increased the percentage of crossing-over. 
The increase of crossing-over occurred mainly between weeks 4 and 7 after 
germination. Crossover percentage increased from 54.6 % to 63.1 % during the 
5 and 6 week after germination. 
Other studies of plants have shown similar changes. Powell (1963), 
working with an inversion heterozygote in barley, found that the highest amount 
of crossing-over was at 60°F, and below or above this temperature the amount 
decreased. For tomato, an analysis of recombination under low and high 
temperatures was conducted (Korol et al. 1994). Recombination in tomato 
followed the same bimodal pattern observed in Drosophila, with lower 
recombination in adapted growing temperatures and higher at extreme 
temperatures. In addition, it is important to mention that the effect of the stress 
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on recombination may depend on the degree of adaptation of the genotypes 
under evaluation (Korol et al. 1994). 
Differences in recombination between unique, non-controlled macro-
environments (locations) have been evaluated in soybean and maize (Pfeiffer 
and Vogt, 1989; Tulsieram et al, 1992). In soybean, recombination rates varied 
in individual environments, but the mean recombination rates did not differ 
between locations (Pfeiffer and Vogt, 1989). In maize, populations grown in a 
Florida winter nursery and in a greenhouse in Nebraska did not show significant 
differences in recombination rates when compared at two regions of chromosome 
1 (Pgm1-Adh1 and Adh1-Phi1) (Tulsieram et al., 1992). Based on the reviewed 
experiments, it is not possible to generalize or extrapolate data from one species 
to another, or between environments. In addition, it appears that not all genomic 
regions have the same response to a stress. As suggested by Tulsieram et al. 
(1992), more comprehensive research is required to separate environmental 
effects from genetic effects in variation of recombination. 
Other external factors modifying recombination 
As previously mentioned, other external factors have been suggested to 
affect recombination frequency, such as nutrition or other stresses, X rays, or 
chemicals. Recombination increased 15% in a region of chromosome 3 of 
females of D. melanogasterwhen they were subjected to starvation (Nel et al., 
1941, cited in Parsons 1988). Compared with temperature, the increase in 
recombination was relatively small, but direct comparisons are not possible 
because different genotypes and chromosome regions were evaluated. 
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To study recombination frequencies in Mus musculus, males were 
stressed by placing them in small cages for 10 days prior to mating. Non-
stressed females were then crossed with stressed and non-stressed males. The 
icsults showed that recombination increases from 24% in the control group to 
31% in the stressed group (Belyaev and Borodin, 1982; cited in Parsons 1988). 
In D. melanogaster, X-rays increased the percentage of crossing-over 
(Mavor and Svenson. 1923; and Muller 1925). These two studies demonstrated 
that different chromosomal regions have different responses to X-rays. In 
addition, heavier doses of X-rays produced bigger increases. 
To determine the effect of chemicals on crossing-over Chlamydomonas 
were treated with EDTA, MnCIa, calcium, and magnesium (Russell and Tatum, 
1955). EDTA and MnCI2 increased the frequency of crossing-over. In addition, 
not all regions of the genome had the same response and that the effect of both 
agents was reversed by incubation with a high concentration of calcium and 
magnesium after the treatments. Finally, recombination increased in different 
species after selection for resistance to DDT (Flexon and Rodel, 1982, cited in 
Parsons 1988). 
Together, these results show that the frequency of crossing-over changes 
in response to external conditions. In conditions in which organisms are adapted, 
the recombination is kept at a low level. A change in the environment produces 
an increase in recombination. Therefore, modifications from the physiological 
optimum usually produce an increase in recombination (Parsons 1988). 
Comparing the changes in recombination under the different external factors, the 
ntfect of temperature is substantially larger (Parsons, 1988). In addition, 
centromeric regions appear to be more affected than other regions. 
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These results suggest that the effect of the environment on recombination 
may be an important evolutionary factor. The increase in recombination will 
produce a higher intra-population variance that will increase the efficiency of 
selection (Korol et al. 1994). Therefore, the recombination system can be viewed 
as one of the principal feedback mechanisms controlling genetic variability (Korol 
et al. 1994). 
Sex differences in recombination frequencies 
The effect of sex of the gates on the recombination frequency has been 
demonstrated for several species of animals (including humans) and plants (de 
Vicente and Tanskley. 1991; Lagercrantz and Lydiate, 1994; and Korol et al, 
1994). For Arabidopsis differences in recombination frequencies of male and 
female as large as 300-400% have been reported. These differences justify the 
estimation of recombination separately for each sex (Korol et al, 1994). 
The effect of sex of the gametophytes on recombination is not as clear as 
the external factors. Depending on the species, the genotype, and the 
chromosomal region under investigation, the results can be very different. In the 
mouse, female recombination frequency was lower than the male in some 
regions, but in other regions, no difference was found (Korol et al 1994). In 
maize, depending of the region, the recombination frequency can be higher, 
equal or lower for the microspore (male) than the megaspore (female) 
(Robertson, 1984). 
Phillips (1969) summarized the maize literature and found that, if a 
difference existed between the sexes, recombination in a particular chromosomal 
region is usually higher during microsporogenesis than megasporogenesis. 
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Chromosomes 2 and 10 had similar recombination between sexes and regions in 
chromosomes 3, 5, 6, 7, 9 had higher recombination for males. Phillips (1969) 
evaluated chromosomes 5, 6, 7 and except for region Y-Su2 (Chr 6) all regions 
had higher recombination in microsporogenesis. Later, Robertson (1984) 
reviewed the literature and found some contradictory results for particular 
regions. He suggested that this could be due to external factors that altered the 
results according with the conditions in each experiment. 
Until recently, methods for comparing the recombination rates of males 
and females over the entire genome were not available. All the results were 
restricted to certain regions and extrapolations were made for the entire genome. 
In 1991, de Vicente and Tanksley used DNA markers (RFLP) to compare 
iccombination rates in the entire genome of tomato male and female gametes. 
They found that recombination was reduced in the male in an interspecific cross. 
Comparing the maps from male and female gametes they observed significant 
differences (1097cM in males vs. 1299cM in females). In the chromosome-by-
chromosome comparison, they found lower recombination in the male for 11 of 
12 chromosomes, suggesting that the reduction was across the entire genome. 
Analysis of intervals between loci in each chromosome revealed that 70% of 
these intervals were smaller in the male; these areas were not confined to 
centromeric regions. The authors remarked that these results are valid for 
tomato used in an interespecific cross and they did not guarantee the same 
results in intraspecific crosses or in different species. 
A number of other species have been investigated. Lagercrantz and 
Lydiate (1994), in a genome-wide experiment in Brassica nigra, found that 
lecombination in the male was enhanced in terminal regions but that female 
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recombination increased in centromeric regions. One limitation with this 
experiment was that different genotypes were used to measure recombination in 
male and female. Therefore, the recombination values that they found could be a 
genetic effect instead of a sex effect. More recently, Kelly et al (1997), found that 
the frequency and distribution of crossing over in males and females of Brassica 
napus were not significantly different. In wheat, Wang et al. (1995) compared 
genetic maps of male and female and found that female maps had half the length 
(less recombination) than those in males. However, this study only considered 
part of the genome, and environmental factors or selection could have affected 
the results. An experiment controlling temperature, photoperiod, and genotype 
did not find differences in recombination rates in female and male gametogenesis 
in pearl millet (Busso et al., 1995). 
The studies by Kelly et al. (1997) and Busso et al. (1995) contrasted with 
the majority of the experiments, where sex differences in recombination 
frequency were found. This can reflect the existence of differences between 
species and that outcome of meiosis varies depending on the specific 
combination of parents, alleles, and environments (Kelly et al, 1997). Thus, 
generalization is not possible for different species. To make reliable 
generalizations in the same species, it is necessary to use several different 
genotypes and to control, as much as possible, all other factors that can produce 
unexpected results. 
Mechanisms that control the differences in recombination are not 
completely defined, but some evolutionary explanations have been suggested. 
Trivers (1988, in Korol, 1994) suggested that reduced recombination in males 
increases the correlation of father/offspring, so successful males are more likely 
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tn transmit their beneficial genes (preservation of adaptation). In the opposite 
situation, males having more recombination may be an adaptive strategy to 
environment conditions. The increase in recombination seems to be more 
effective in males considering that they produce more gametes that can be 
-.elected. If this is the case, females will have always a higher percentage of 
viable gametes and reduced genetic variability that should preserve beneficial 
yene combinations (Korol et al., 1994). 
If sex differences for recombination are known for a particular species, it is 
possible to exploit this in breeding programs. For example, in backcross 
programs the correct selection of male or female (if they have different 
lecombination ratios) could minimize linkage drag (Lagercrantz and Lydiate. 
t ': '95). The sex with smaller recombination should be used as the recurrent 
parent. In other cases, the objectives can be to create alien substitution lines, 
and the recurrent parent can be the one with higher recombination rates (Rick, 
i'i69 in de Vicente and Tanksley, 1991). 
In a backcross program, the recombination rates for each sex can 
minimize linkage drag and to quickly recover the recurrent parent genome. The 
convenience of traditional methods should be balance against the possible 
advantages of using the sex with high or low recombination rate. When trying to 
create a high-resolution genetic map and the differences between sexes are 
important, the direction of the cross can be crucial (Lagercrantz and Lydiate. 
IU95). 
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Genetic factors and recombination 
Genetic control of recombination has been documented for several plant 
and animal species. According with Catcheside (1977), the genetic control can 
ho classified as "factors of general effect" that act on the entire genome (i.e. 
i ipernumerary B chromosome, abnormal chromosome 10, and genes), and 
hnctors of local effect" that reduce or enhance recombination in particular 
intervals (i.e. translocations, inversions, insertions, and particular genes). 
: uveral examples of these two groups are found in the literature. 
In plants, the "phi" gene of wheat is one of the most known 
• xamples of genes controlling genetic recombination. This gene controls pairing, 
mowing only homologous chromosomes to pair during meiosis (Okamoto M. 
r.>57). Other example of genetic control of recombination is the "Rm1" gene of 
f'< itunia hybrida that increases recombination up to three-fold in the entire 
çicnome (Cornu et al.. 1989). 
In maize, several studies have documented the existence of genetic 
;• ctors affecting genetic recombination. The most extreme cases are the 
mutants "As1" (Beadle. 1930) and "Dsy1 "(Nelson and Clary, 1952) that totally 
inhibit recombination. The abnormal chromosome 10, found in some exotic 
materials, is another example of genetic control in maize. The presence of this 
chromosome increases recombination by two- to three-fold in several regions of 
II ie genome (Carlson. 1977). 
Additional eviacnce of genetic control has been documented based on 
i irritability studies (selection for increased or decreased recombination), and 
< observation of variability of different genotypes and generations within the specie. 
In maize, Tulsieram et al. (1992) found variation in recombination frequency for 
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two regions in chromosome 1 (Pgm1 Adh1 andAdh1-Phi1) and one region (Idh2-
i>'idh2) of chromosome 6 among three F2 populations. The variation of two of 
these intervals was continuous. Comparison of recombination distances in 
chromosome 1 for 16 populations of maize and teosinte also showed high 
variability in the recombination rates (Williams et al., 1995). Tropical germplasm 
-'ind inbred lines derived from tropical germplasm showed higher recombination 
frequency. 
Conclusion 
A better understanding of genetic recombination and the relation with the 
different environmental factors will allow a more clear interpretation of the 
- volution process. In addition it could create new alternatives in plant and animal 
ii ceding. 
Increasing evidence shows that ecological variables involving stress are 
important evolutionary forces (Lucht J.M. et al., 2002). Genetic recombination 
has been proposed as one of the possible responses to those stresses, 
f urthermore, the advantages of recombination on the effectiveness of selection 
have been recently proven (Rice and Chippindale, 2001). Recombination moves 
mutations between genetic backgrounds permitting direct selection on mutations 
regardless of the background in which they originate. 
If genetic recombination in maize is influenced by external conditions, it 
may be accessible for manipulation. Managing recombination open the 
i possibility of exploiting it for practical purposes. The increase on recombination 
will help create "high resolution" genetic maps that may facilitate map based 
c loning (de Vicente and Tanksley, 1991). In addition, genotypes with new allelic 
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combinations and novel alleles will be generated in higher proportions. 
Therefore, recombination will increase genetic variability available for selection in 
iireeding programs. Furthermore, the recovery of recurrent parent in backcross 
; nog rams would be more efficient. On the other hand, a decrease on 
i1 ; combination could be used to maintain favorable allelic combinations. 
After reviewing the literature, it is possible to observe that with the 
exception of temperature the effect of abiotic and biotic factors on genetic 
recombination in maize have not been reported. In addition, it has been pointed 
that recombination frequencies are highly dependent on the specie and the 
nenotype (e.g. sex differences on recombination). Therefore, we have chosen to 
: iudy the effect of stress on genetic recombination in maize. 
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CHAPTER 1 
Evidence of increased meiotic recombination in response to water-deficit 
stress in maize (Zea mays L.) genotype B73/Mo17 
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19 
Evidence of increased meiotic recombination in response to water-deficit 
stress in maize (Zea mays L.) genotype B73/Mo17. 
Additional index words: crossovers, segregation distortion, abiotic stress 
Abstract. In maize (Zea mays L), effects on recombination have been 
documented for gender, genotype, macro-environments, transposons, 
chromosome rearrangements, and supernumerary chromosomes. The effect of 
water deficit on genetic recombination has not been reported. The objective of 
the study was to investigate whether a water-deficit stress before and during 
male meiosis affects genetic recombination. A secondary objective was to 
observe crossover occurrence and distribution. Recombination was estimated in 
F, plants (B73/Mo17) grown in either water-deficit or non-stress treatment. Three 
populations from each treatment were created by crossing F, plants as males to 
inbred line B73. Progeny of each population were genotyped at microsatellite loci 
to create genetic maps for chromosomes 1 and 10. Comparisons of 
recombination were made within and between treatments. Differences in 
recombination were not observed between populations within a treatment; 
therefore, segregation data from the same treatment were combined. The 
genetic maps of chromosome 1 and 10 were larger for stressed plants (172 cM 
vs. 149 cM in chromosome 1 and 83 cM vs. 72 cM for chromosome 10). The 
long arms of chromosomes 1 and 10 were the regions of additional 
lecombination. An excess of Mo17 alleles in both chromosomes was observed in 
most populations. Over all populations and treatments, parental chromatids were 
detected in 19% of the individuals for chromosome 1 and in 44% for chromosome 
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10. Results are consistent with the hypothesis that meiotic recombination 
increases in response to environmental challenges such as water-deficiency. 
Introduction 
Plant genomes can change in response to abiotic stress and other 
environmental signals, as documented for flax (Linum usitatisimum L.) (Cullis, 
1981; Durrant, 1962). maize (McClintock, 1984), and tobacco (Nicotiana tabacum 
L) (Lebel et al., 1993). Several of the observed changes are heritable. 
Examples of possible heritable genome changes triggered by environmental cues 
include the activation of transponsable elements by UV-B radiation and other 
factors in maize (Walbot, 1999; McClintock, 1984; Osterman, 1991), the 
increased frequency of somatic recombination due to infection by a pathogen, 
UV-B radiation, in Arabidopsis (Lucht et al., 2002; Ries et al., 2002), decreased 
methylation after cold treatments in Arabidopsis and Nicotiana (Finnegan et al., 
1998), and the reduction in nuclear DNA concentration in flax in response to low 
levels of available phosphorus in the soil (Schneeberger and Cullis, 1991). While 
some of these heritable changes are permanent, others like methylation can be 
reversed in later generations. Therefore, the genome is able to respond to 
common challenges in several ways through mostly undefined mechanisms and 
pathways. The increase of recombination frequency has been proposed as one 
of the possible genome responses to abiotic stress (Korol et al., 1994; Parsons, 
1988). Furthermore, the effect of the environment on genetic recombination is 
considered an important evolutionary factor. An increase in recombination 
should produce higher intra-population genetic variance that could increase the 
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efficiency of selection (Korol et al., 1994). Therefore, the environment could 
affect natural populations by selecting individuals with genetic advantages for the 
present conditions, and by increasing the genetic variability available for 
selection. A better understanding of genetic recombination and its relation with 
different environmental factors could allow a better interpretation of some 
features of evolution. In addition, it could create new alternatives in plant and 
animal breeding. 
Recombination is a phenotype influenced by genotype, environment, 
gender, and their interactions. Variation in recombination due to these factors has 
been demonstrated for plant and animal species. The influence of external 
factors, such as nutrient availability (Drosophila, Parsons, 1988), X-ray 
(Drosophila, Muller, 1925), ions such as Ca and Mg (Chlamydomonas, Russell 
and Tatum, 1956), mutagenic agents, and temperature (maize, Shams-UI-lslam, 
1956; Neurospora, Parsons, 1988) on the frequency of recombination has been 
studied for different eukaryotic species. In general, higher frequencies of meiotic 
recombination were observed for individuals raised in conditions deemed 
stressful relative to those typically used to support a given species. In plants, 
Poliakova (1940) was the first to analyze the effect of external factors on 
recombination. Studying the effect of temperature on Allium cepa L, he found 
that recombination increased at temperatures above or below of those in which 
the plants were adapted. The results showed a similar pattern to those described 
in the early studies conducted on Drosophila melanogaster (Plough, 1917; Stern, 
1926). 
In maize, variation in recombination frequencies has been documented. 
Factors contributing to the variation include gender of the flower (Phillips, 1969; 
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Robertson, 1984), genotype (Beavis and Grant, 1991, Williams et al., 1995), 
abiotic stress (Shams-UI-lslam, 1956), chromosome rearrangements, 
transposable elements, and supernumerary chromosomes (Timmermans et al., 
1997; Carlson 1977, Lowe et al., 1992). Macro-environment (locations) variation 
has been studied for different genotypes, but differences in genetic recombination 
have not been found (Hadad et al., 1996; Tulsieram et al., 1992). Comparisons 
of recombination frequencies in these studies may have been obscured by the 
interaction of external factors such as temperature, water available or nutrient 
conditions. Studies that focus on a particular factor under controlled conditions 
may help assess the potential influence of treatments on meiotic recombination. 
In maize, controlled experiments have been conducted to study the effect of 
temperature on cytological observations of recombination (Shams-UI-lslam, 
1956). In this study, they observed microsporocytes produced by plants that 
were heterozygous for a translocation between chromosomes 5 and 6 (T5.6). 
Because chromosome 6 contains the nucleolus organizer, they were able to 
account for crossovers by observing if each cell of the microsporocyte quartet 
remained organized. Analysis of plants exposed to low temperatures (3°C) 
revealed an increase in crossover percentage relative to plants grown at 10°C 
(Shams-UI-lslam, 1956). However, other experiments on the effects of other 
abiotic stresses on meiotic recombination in maize have not been reported. 
Most research on genetic recombination is based on data from a few 
genomic regions that could be conventionally monitored. Recombination rates 
are known to vary with the location in the chromosome (Schnable et al., 1998, Fu 
et al., 2002); therefore, more complete surveys of the genome may provide a 
I letter estimate of genetic recombination. The development of techniques that 
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detect variation at the level of DNA (i.e., RFLP, SSRs, etc.) allow a precise and 
easy way to measure recombination throughout the entire genome. In addition, 
the existence of codominant markers, and the fact that DNA markers are 
detected regardless of the environmental conditions, permit a definitive 
assessment of recombinants. 
Water deficiencies are experienced by plants for many reasons, such as 
drought, elevated soil salinity, and root or vascular damage by insects or 
pathogens. Therefore, it is one of the most important factors affecting plant 
growth and development. Furthermore, is logical to think that plants should have 
tesponses to recurrent challenges as a means of producing genetic variation and 
more opportunities for genetic adaptation through selection. The effect of water 
deficit on genetic recombination has not been reported for plants. The 
hypothesis is that a water-deficit stress will increase recombination frequencies. 
The objectives of this study were to: (/) identify whether a stress due to water 
deficit before and during male meiosis affects genetic recombination in maize, (ii) 
measure recombination of two chromosomes, and (Hi) observe the occurrence 
and distribution of crossovers. 
Materials and Methods 
Parents and progeny 
Inbred lines B73 and Mo17 were crossed to develop the population used 
in this experiment. Inbred B73 was used as the female. The F,-generation 
kernels (B73/Mo17) were planted in March (1999) in individual 12-L pots in the 
greenhouse. There was one plant grown in each pot. Pots were fertilized once 
with 20 g of Scotts ® Sierra fertilizer (17-6-12) and watered to promote rapid 
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germination. The temperature in the greenhouse was 25/20 +/- 3°C day/night. 
Additional light was provided with high discharge lights (400-watt bulb; Philips, 
r/i00s51) to achieve a 14-hr photoperiod (7am-9pm). Light intensity during the 
day was on average 400 ^mol/m"2s"1. Seedlings of B73, Mo17 and their F, were 
examined for the correct allelic constitution using three microsatellite loci (phi108, 
phi 197, phi037) that detect polymorphism between B73 and Mo17 (Senior et al., 
1998). Treatments, as described below, were applied to the F, plants, and each 
plant was then crossed as a male to B73 plants to generate the backcross 
population (F1BC1) used for the genetic analysis. 
Experimental design 
Two treatments, stress and non-stress (control), were applied to the F, 
plants (experimental units). Plants subjected to the non-stress treatment were 
grown at "field capacity", and the plants subjected to the stress treatment were 
grown at 25% of field capacity. Treatments were replicated three times with a 
replication consisting of one F, plant. The F, plants were randomly assigned to 
each treatment. In addition, the F, plants from each treatment were randomly 
location in the greenhouse benches. Additional F, plants were grown under each 
treatment to assess stages of development and to develop biomass curves for 
cach treatment. Biomass curves describe the weight gain of plants during 
development. Curves were constructed by weekly cutting and weighting F, plants 
of each treatment. 
To adjust the water content for each treatment, field capacity was 
determined for the soil mixture. Field capacity, the amount of water retained in a 
particular soil after it has been saturated and drained (Plaster, 1992), is 
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considered ideal for plant growth (Plaster, 1992). Several pots containing an 
equal bulk density (weight of the soil solids per unit of volume) of an oven-dried, 
sterile mixture of soil, peat, and perlite (1:2:2) were prepared. Six pots were 
saturated with water and then allowed to drain until drainage stopped (i.e. steady 
weight). The average difference in weight of the pots before and after saturation 
nnd drainage was designated as field capacity. Based on the results, the total 
weight (soil and water) for each pot and treatment was calculated. In addition, 
since plants plant growth will affect the total weight, biomass curves for each 
treatment were used to adjust water content. Therefore, water content was 
adjusted by weighing the pots every day, subtracting the plant weight according 
with the biomass curves, and adding water until the correct weight for each 
treatment was reached. 
Plants of both treatments were watered daily until pre-meiosis stage 
(seven to eight leaf, V7-V8; http://maize.agron.iastate.edu/corngrows.html). 
Stages were assessed by dissecting F, plants and examining tassel size, 
development and position (Chang and Neuffer, 1989). At pre-meiosis, water 
content of each pot was adjusted according to the treatments. The treatments 
were applied until the end of male meiosis, when tassels emerged from the whorl. 
To assess the effect of the treatments on plant growth and development, 
physiological (photosynthesis, C02 concentration, transpiration rate) and 
phenotypic (plant height, ear height, flowering time) measurements were 
recorded during and after treatments. 
DNA analysis 
The kernels of three F,BC, populations from each treatment were planted 
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in sand benches and leaf tissue was collected from individual seedlings when 
they had 4 expanded leafs (V3-V4 stage). Each population, which had originated 
from an F, plant, was represented by a sample of 93 F,BC, seedlings. DNA was 
extracted by using the PURGENE isolation Kit (Centra, Minneapolis, MN). 
Sample collection and isolation protocols were those suggested by PURGENE 
for 50-100 mg of fresh solid tissue. 
Chromosomes 1 and 10 were selected for the analysis. Chromosome 1 
was selected because it has the highest amount of loci detected by 
microsatellites (Sharopova etal., 2002; http://agron.missouri.edu), long regions 
not influenced by the centromeric region (Williams et al., 1995), and it has been 
analyzed in other studies (Tulsieram et al., 1992; Williams et al., 1995). 
Chromosome 10 was selected because it is the smallest chromosome of the 
maize complement and unexpected patterns of recombination have been 
observed (Carlson, 1977; Lee, unpublished). 
Microsatellite loci were used to examine genotypes and to conduct the 
analysis. Primers that amplified one PCR product in each inbred parent and the 
two expected PCR products in the F1 were selected for the analysis. Selection of 
primers was based on separation of alleles (PCR products) on methaphor gels, 
and reproducibility and clarity of the PCR products (Senior et al., 1998). 
Screening of primers was conducted to identify at least one microsatellite locus in 
each chromosome bins and so that intervals between adjacent loci were smaller 
than 25 cM (Figs. 1 and 2). 
DNA samples of the 93 F,BC, seedlings, B73, Mo17, and the F, plant 
were aliquoted to 96-well microliter plates. Amplification and detection conditions 
have been described by Senior et al. (1998). Ambiguous results (diffuse, extra 
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bands, etc.) were repeated and resolved for all samples and loci. PCR products 
(bands) for each locus of each individual were categorized by comparing each 
sample with band(s) observed in B73, Mo17 and the F,. The process of 
assigning alleles and data entry was independently repeated twice. Loci that 
were homozygous for the allele of the recurrent parent (B73) were coded as "A" 
and those loci presenting one allele from B73 and one from Mo17 were coded 
"H". Both data sets were compared and discrepancies were resolved by 
repeating the PCR for the loci and samples in question. 
Linkage analysis 
MAPMAKER3.0 (Lander et al., 1987) was used to estimate recombination 
frequency in stress and non-stress plants and to construct genetic maps. The 
option "F2 backcross" and the default program setting were used. Genetic maps 
for each population and treatment were constructed for chromosomes 1 and 10 
(Fig. 1). Maps of chromosome 1 differ in the number amount of loci. After 
constructing genetic maps of populations 1, 3, and 6 (Fig. 1), closely-linked loci 
(+/- 3 cM) were not assayed in the rest of the populations because they were not 
informative. Those loci were phi001, bnlg1598, umc1035 and bnlg1025. The 
approximate location of the centromere is based on previous studies (Burr et al., 
1988; Sharopova, 2002). 
The Student's t-test was performed to check for treatment differences in 
map length, assuming that estimates of map lengths have a normal distribution 
(Fig. 1). The least significant difference (LSD) was calculated to have an 
estimate of the map distance (cM) necessary to declare the population means 
different (Fig. 1 and 2). In addition, a permutation test was also conducted to 
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check for treatment differences on map length. To obtain a more precise and 
clear comparison of the treatments, linkage maps within each treatment were 
tested for homogeneity. The likelihood ratio test (G-test, Beavis and Grant, 1991) 
was used to compare the three maps within each treatment. This test is a 
straightforward generalization of the two-map case (Liu, 1998; Beavis and Grant, 
1991). Visual and statistical comparisons of intervals defined by adjacent loci 
(e.g., umc1071-bnlg1429 in non-stress and stress maps) were conducted. The t-
test and Chi-square tests were used to compare intervals in individual and 
combined maps, respectively (Figs. 1 and 2). The segregation ratio at each locus 
was tested against the expected 1:1 ratio (B73:Mo17 alleles) by using Pearson's 
chi-square analysis (Fig. 1). In addition, to obtain a complete genetic analysis of 
the F1BC1 populations, the number and distribution of crossovers are reported. 
Crossovers were detected when alleles at adjacent loci were from different 
parents. 
Results 
Recombination in stress and non-stress populations 
The process of resolving unclear data points and completing missing data 
rendered an almost complete data set (0.2% data points missing, 26/13113). 
The order of loci was the same for all maps of a given chromosome (Fig. 1). 
Physiological and phenotypic measurements revealed differences between 
treatments (data not presented). On average, plants subjected to the stress 
treatment flowered 9.5 days later, and were 76 cm shorter. In addition, plants of 
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the stress treatment had lower rates of photosynthesis (20.72 vs. 9.05 pmol C02 / 
m2 s) and transpiration (6.3 vs. 2.8 mmol C02 / m2 s). 
Maps of the stress populations were 15% longer than those of the non-
stress in both chromosomes (Fig. 1). In chromosome 1 and 10 the maps of the 
three stress populations were longer than those of the non-stress populations. 
The maps of the two treatments differ at 1% significance level based on the t-test 
and at 5 % level according with the randomization test in both chromosomes (Fig. 
1). Therefore, there is evidence that water deficit (25% FC) affects genetic 
recombination in male gametophytes. 
To examine if the increased on recombination of the stress treatment was 
due to an increase in all regions of the chromosome(s) or if it was the result of 
certain region(s) with enhanced recombination, pairwise comparisons of the 
same map region were conducted between the treatments. Initial inspection of 
intervals (region between adjacent loci) did not detect intervals that consistently 
experienced increased recombination. Intervals with more recombination 
alternated between populations and treatments. On chromosome 1, the t-test of 
recombination between intervals of the two treatments reveals that none of the 
intervals were significantly different. On chromosome 10, only the interval 
between phi35 and umc1084 has recombination frequencies that were different 
between the treatments (Fig. 1). Recombination in the interval between phi35 
and umc1084 was higher for all plants in the stress treatment. 
The G-test showed that for each chromosome the maps of populations 1, 
2, and 3 (stress treatment) did not differ (p < 1 %). Also maps of populations 4, 5, 
and 6 of the non-stress treatment were not significantly different (p < 1 %) for 
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cither chromosome. Therefore, because maps within treatments were 
homogeneous, segregation data were pooled within treatments (Fig. 2). The 
combined genetic maps of chromosomes 1 and 10 were larger for stressed 
plants (172 cM vs. 150 cM for chromosome 1 and 83 cM vs. 72 cM for 
chromosome 10). According to the chi-square test, only interval ph:035-umc1084 
was different (p < 5 %) between the treatments. The long arms of both 
chromosomes were the regions of additional recombination (Fig. 2). In addition, 
the predicted centromeric region had reduced recombination in both 
chromosomes and treatments. Pairwise comparisons of intervals between 
combined treatment maps showed that the number of intervals with higher 
recombination was evenly distributed between treatments. Of the 15 intervals of 
chromosome 1. the stress map has 9 (60%) intervals with higher recombination 
frequencies. In chromosome 10 each treatment has 4 intervals that had higher 
recombination (Fig. 2). 
Segregation ratios 
Deviations from the 1:1 ratio were observed in both chromosomes for most 
of the populations. In chromosome 1, the loci with significant deviations always 
had more Mo17 alleles. In chromosome 10, 11 of 13 loci had ratios skewed 
toward Mo17 alleles. 
Chromosome 1 had at least two loci in each population with skewed 
segregation (Fig. 1). Considering all populations and treatments of this 
chromosome, 31 of the 87 loci (36%) had skewed ratios (Fig. 1). Loci with 
skewed ratios differed between treatments (Fig. 1). In populations from the 
stress treatment, 18% (8/44 loci) of the loci were distorted; populations 1 and 2 
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had 3 loci with skewed ratios, and population 3 had 2 loci. In the non-stress 
treatment, segregation ratios at 53% (23/43 loci) of the loci were distorted; 5 loci 
had deviant segregation ratios in population 5 and 9 loci in populations 4 and 6. 
Loci phi037 and phi094 were distorted in all populations and treatments (Fig. 1). 
In addition, loci with deviant segregation ratios were adjacent to each other and 
often constituted long contiguous regions of such loci, suggesting that the 
distortion has biological explanations and is not an artifact of PCR. Analysis 
segregation in combine maps showed that the stress treatment had 4 loci with 
deviant segregation and the non-stress treatment had 10. In addition, the region 
between bnlg1025 and bnlg1671 had deviant segregation in both treatment 
maps. Finally, we observed that on average over the two treatments and 6 
populations 82% (71/87) of the analyzed loci had more heterozygous progeny. 
Chromosome 10 had skewed allelic ratios at 24% (13/54) of the loci (Fig. 
1 ). Of the 13 loci that had deviant segregation 8 (62%) were on population 2 
(Fig. 1). The stress treatment have 37% (10/27) of the analyzed loci with skewed 
allelic ratios (populations 1 had 0, population 2 had 8 and population 3 had 2), 
and the non-stress treatment have 11% (3/27) of the loci with deviant segregation 
(populations 4 had 2, population 5 had 1, and population 6 had 0; Figure 1). In 
the combined treatment maps, 5 loci remain with deviant segregation in the 
stress treatment, and none in the non-stress treatment. The skewed loci 
observed in the stress treatments are consequence of the severe distortion 
observed in population 2. 
Occurrence and distribution of crossovers 
In chromosome 1, individuals with 3-, 4- and 5-crossovers per chromatids 
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were observed in higher proportion in the stress treatment (14 vs. 10 individuals 
with 3-crossovers, 2 vs. 0 with 4-crossovers, and 1 vs. 0 with 5-crossovers in 
stress and non-stress treatment, respectively; Table 1). In chromosome 10, 
individuals with 1- and 3-crossover chromatids were in higher proportion in the 
stress than in the non-stress treatments (42 vs. 36 individuals for 1-crossover 
and 1 vs. 0 for 3-crossover chromatids in stress and non-stress treatment, 
respectively; Table 1). In the stress treatment, crossovers in adjacent intervals 
were observed 11 times in chromosome 1 and 4 times in chromosome 10. In the 
non-stress treatment crossovers in adjacent intervals were observed 2 times in 
chromosome 1 and 1 time in chromosome 10. 
Non-recombinant chromatids (i.e. parental chromatids) were observed for 
all populations and chromosomes (Tables 1 and 2). In chromosome 1, 20% 
(108/558) of the chromatids were non-recombinant, and in chromosome 10, 44% 
(247/558) were non-recombinant (Table 1). Differences in the inheritance of non-
recombinant haplotypes were observed in chromosome 1, where almost 70% 
(74/108) of non-recombinant chromatids were Mo17 haplotypes (Table 2). In 
chromosome 10, 53% (130/247) of non-recombinants chromatids were Mo17 
haplotypes (Table 2). The combined analysis of chromosomes 1 and 10 showed 
that, over all populations, 4% (23/558) of the individuals had non-recombinant 
chromatids from the same parent. Of this group, 70% (16/23) were Mo17 
haplotypes. 
Discussion 
To our knowledge this study is the first to report the effect of water-deficit 
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stress on recombination in plants. Several researchers recognized that the 
environment plays a role in recombination variability (Beavis and Grant, 1991; 
Stadler, 1926). Studies of recombination variability have been conducted in 
macro-environments (locations), where water availability was not controlled 
(Allard, 1963; Hadad et al., 1996; Pfeiffer and Vogt, 1989; Tulsieram et al., 1992). 
In this report, individuals subjected to stress were the same genotype (F,s), 
external conditions (temperature, soil fertility, and light intensity and duration) 
were controlled and pots were randomized within the greenhouse. Therefore, it 
is possible to separate the effect of water from other environmental and genetic 
effects. In addition, two chromosomes were surveyed, allowing a more 
comprehensive analysis of variation. Finally, because physiological and 
phenotypic measurements were different between treatments and the recurrent 
parent for both treatments was the same homozygous genotype, recombination 
differences can be attributed to treatment effects. 
The results suggest that meiotic recombination increased when a chronic 
and continuous water deficit was imposed on maize plants from V7 to V17 stages 
of development. The increase in recombination in the stress treatment of the 
longest and shortest chromosomes of the complement and the fact that the 
percentage which recombination increased was the same in both chromosomes 
(15%), suggests that the increase is genome-wide. The increase observed here 
is consistent with that observed with low-temperature stress in maize (13%) 
(Shams-UI-lslam, 1956). Therefore, the results support the hypothesis that 
recombination is enhanced in response to environmental challenges (Korol et al., 
1994; Parsons, 1988). Consequently, the increase in recombination will generate 
genetic variability that should provide more opportunities for selection and 
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adaptation. The advantages of recombination to the effectiveness of selection 
have been recently discussed (Rice and Chippindale, 2001). Recombination 
creates and facilitates transfer of mutations between genetic backgrounds, 
permitting selection of mutations regardless of the background in which they 
originate. Modifying the rate of recombination also has implications in breeding 
programs, where the generation of genetic variability and the development of new 
combinations of alleles are basic objectives. 
In both chromosomes and in all populations there were regions that 
consistently had low recombination rates (i.e., centromeres) and others that had 
high recombination ("hot spots", i.e. interval phi035-umc1084). Supporting the 
observed no uniform distribution of recombination (Schnable et al., 1998). 
Differences in recombination between genotypes and gender within the same 
genotype have been attributed to the effect of heterochromatic regions (Beavis 
and Grant, 1991; Robertson, 1984). Heterochromatic regions are condensed 
regions of the chromatin and it is suggested that this contracted region could 
prevent the accessibility of recombination enzymes (Wu and Lichten, 1994). 
Because male meiosis of the same genotypes was evaluated under the two 
treatment conditions, the results suggest that heterochromatic regions are not 
responsible for the observed recombination variability. Even so, it could be 
possible that water-deficit stress signals a mechanism which alters chromatin 
structure and thus allows recombination machinery (i.e., enzymes) in regions that 
under normal conditions are not accessible. Reduced recombination in 
ccntromeric regions has been reported in maize (Carlson, 1977) and several 
other species (Parsons, 1988). Some studies suggest that stress will increase 
recombination particularly in centromeric regions (Stern, 1926; Parsons, 1988). 
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The predicted centromeric regions in the stress treatment maps of this study 
remained highly suppressed and did not account for the observed recombination 
differences between treatments. 
Analysis of intervals revealed that the long arm of both chromosomes is 
the region of additional recombination (Fig. 2). Other studies have identified the 
long arm of chromosomes one and ten as regions that contain several "hotspots" 
of recombination (Beavis and Grant, 1991; Carlson, 1977; Tulsieram et al., 1992; 
Williams et al., 1995). However, only one interval of chromosome 10 (i.e. phi035-
umc1084) exhibited significantly more recombination between treatments. These 
observations suggest that a small increase in recombination is occurring in 
several intervals of the chromosomes or that different intervals are increasing in 
nach population. Some of the increased intervals were common in all populations 
(i.e phi035-umc1084), but others were not (i.e.bnlg1429-bnlg1953). This 
suggests that even recombination is not evenly distributed within the 
chromosomes; enhanced intervals within the accessible regions are variable. 
Comparison of non-recombinant chromatids in this study and those 
obtained from Arabidopsis thaliana (Copenhaver et al., 1998) showed a close 
resemblance. The percentage of non-recombinant chromatids in the analyzed 
chromosomes was 32% in maize, and 34% in Arabidopsis. The resemblance 
suggests that the percentage of non-recombinant chromatids could be a common 
pattern in higher plants. In Arabidopsis at least one crossover was observed in 
each chromosome during meiosis (Copenhaver et al., 1998). Although tetrads 
could not be observed in this study, the resemblance in the number of non-
recombinant chromatids observed in maize and in Arabidopsis, suggests that 
maize chromosomes also require at least one crossover for proper assortment. 
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The backcross mating design allowed a clear analysis of the alleles 
inherited by the progeny. Segregation distortion has been observed in several 
plant species (Lycopersicon esculentum L: Paterson et al., 1990; Pennisetum 
glaucu L: Busso et al.. 1995; Zea mays: Williams et al., 1995; Tulsieram et al., 
1992). In chromosome 1, segregation ratios that differ from the 1:1 ratio were 
observed in all populations and were all had a higher frequency of Mo17 alleles. 
Most of those loci were located on the long arm of the chromosome. In addition, 
the distortion was most severe in the region of phi094 and phi037, and decreased 
at adjacent loci. Skewed ratios have been observed in the same region in other 
studies that used mapping populations of diverse origin and different genetic 
markers (Tulsieram et al., 1992; Williams et al., 1995). Populations with skewed 
ratios in the phi094-phi037 region of chromosome 1 include: B73/Mo17 
recombinant inbred lines (RILs; IBM population; Sharopova et al., 2002), 
B73/B52 RILs (Cardinal et al., 2001), and B73/De811 F3 lines (Krakowsky et al., 
2002). In addition, as it occurs in this study, the loci with distorted ratios in the 
IBM population had a higher proportion of Mo17 alleles. The concentration of 
distorted loci around phi094-phi037, the fact that overall populations 82% of the 
loci had more heterozygotes (i.e. Mo17 alleles), and the observation of 
segregation distortion in the same region of other genotypes suggested that a 
selection mechanism is in effect. In addition, the fact that distortion was more 
severe around phi094 and phi037 and that it decreased at adjacent loci suggests 
that distortion is caused by a genetic factor in this region. 
Selection might reduce recombination frequencies if recombinant gametes 
abort (gametic selection) or if recombinant zygotes are preferentially eliminated 
(zygotic selection). Even so, it has been shown that segregation distortion 
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caused by a single locus has minimal influence on the estimation of 
recombination frequencies (Sail and Nilsson, 1994). Furthermore, if 
recombination frequencies in the distorted region are small (20 cM) selection 
does not influence the estimation of recombination (Lorieux et al., 1995). 
Recause recombination values are under 25 cM in distorted region and it appears 
that segregation distortion is caused by a single locus, insignificant bias from the 
true recombination values is expected. 
The cause of the lower number of distorted loci observed in the 
populations of the stress treatments of chromosome 1 can be explained by the 
increase on recombination of this treatment. Low recombination frequencies 
would maintain segments from the same parent together. Furthermore, if a 
particular locus is under selection all linked loci will also be affected. The 
increased recombination will reduce the number of loci linked to the allele under 
selection and therefore, the amount of loci with distorted ratios will be reduced. 
In summary, evidence of increased meiotic recombination in response to 
stress induced by a water-deficit was presented. Many conditions lead to water 
deficit and it is logical that plants have mechanisms to mitigate stresses that are 
encountered repeatedly. For plant species with an annual growth habit, 
production of gametes representing more genetic variation would provide 
important adaptive advantages in stressful environments. 
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Table 1. Occurrence and distribution of crossovers in chromosomes I and 10 of six maize 
haekcross populations | !373(B73/Mo 17)] from stress and non-stress treatments. Each 
population consisted of ()3 individuals. 
Chromosome I 
Parameter Stress populations Non-stress populations 
mean 
( hromatids with: 0 crossovers'* 22 15 16 18 20 15 20 18 
1 crossovers 28 38 34 33 40 41 33 38 
2 crossovers 29 22 25 25 24 27 30 27 
3 crossovers 8 18 16 14 9 10 10 10 
4 crossovers 5 0 2 2 0 0 0 0 
5 crossovers 1 0 0 0 0 0 0 0 
Total number of crossovers 135 136 140 137 1 1 5  125 124 1 2 1  
Average crossovers by individual 1.5 1.5 1.5 1.5 1.2 1.3 1.3 1.3 
( Yossovers in long arnV 75 87 73 78 69 72 59 67 
( Yossovers in short armN 60 49 67 59 46 53 65 55 
Adjacent crossovers^ 7 2 2 4 1 1 0 1 
Chromosome 10 
Stress populations Non-stress populations 
1 2 3 mean 4 5 6 mean 
< hromatids with: 0 crossovers7' 39 40 37 39 44 45 42 44 
1 crossovers 44 39 43 42 34 36 38 36 
2 crossovers 9 14 13 12 II 12 13 12 
3 crossovers 1 0 0 0 0 0 0 0 
Total number of crossovers 65 67 69 67 56 60 64 60 
Average crossovers by individual" 0.7 0.7 0.7 0.7 0.6 0.7 0.7 0.6 
( Yossovers in long armx 31 39 32 34 25 27 30 27 
Crossovers in short armx 34 
cc r
i 
37 33 31 33 34 33 
A djaccnt crossovers v 3 0 1 1.3 0 0 1 0.3 
' hi this stud> crossovers were detected when alleles at adjacent loci are from different parents. 
1 Arms were defined based on the approximate centromere position (Sharopova et al. 2002). 
x Adjacent crossovers were defined as crossovers appearing in adjacent intervals. This is identillcd as an 
additional catcgorv hut is already accounted in the crossover category 
" With the exception of "axerage crossovers by individual" mean values are rounded. 
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T.'ible 2. Distribution of haplotypes resulting from inheritance of a non-recombinant 
chromosomes I and 10 in six maize backcross populations [B73 (B73/Mol7)] from 
stress and non-stress treatments. Pearsons Chi-square test is used to compare haplotypes 
in each population. All backcross populations had 93 individuals. 
Chromosome 1 
Haplotypes 
Treatment Population Mol? z B73 Y total X' x p w Treatment total 
1 15 7 22 2.91 0.09 
Stress 2 9 6 15 0.60 0.44 53 
3 8 8 16 0.00 1.00 
4 13 7 20 1.80 0.18 
Non-stress 5 14 1 15 11.27 0.00 * *  55 
6 15 5 20 0.03 *  
Total 74 34 108 0.00 * *  
hromosome 10 
Haplotypes 
Treatment Population M o l 7 z  B73 Y total X2x  pw Treatment total 
1 21 18 39 0.23 0.63 
Stress 2 33 7 40 16.90 0.00 * *  1 1 6  
3 19 18 37 0.03 0.87 
4 22 22 44 0.00 1.00 
Non-stress 5 17 28 45 2.69 0.10 1 3 1  
6 18 24 42 0.86 0.35 
Total 1 3 0  1 1 7  247 0.68 0.41 
' Because a backcross population is under analysis. Mol 7 haplotypes were observed when chromosomes 
were heterozygous at all loci (Mol7/B73). 
x 1173 haplotypes were obsvned when chromosomes when chromosomes were homozygous at all loci 
( H73 /B73). 
N I'earson's Chi-sijuare. 
u Probability: * is significant at 0.05 level and ** is significant at 0.01 level. 
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Figure captions 
Fig. 1. Genetic maps of maize chromosomes 1 and 10 for stress and non-stress 
treatments of six backcross populations of [B73 (B73/Mo17)]. Population number 
is indicated under each treatment at the top of the respective genetic map. All 
populations, each produced by mating one F1 plant to inbred line B73, were 
represented by 93 individuals. Positions of SSR (simple sequence repeats) loci 
are indicated by horizontal lines. For chromosome 1, numbers in parenthesis at 
the left of each locus indicate the populations in which those loci were not 
assayed. For chromosome 10 all linkage maps are based on the same 9 loci. 
The total length (cM, Haldane) is at the top of the respective genetic map. 
Asterisks indicate loci with segregation distortion with respect to the expected 1:1 
(* 0.05 and ** 0.01 significance level). The approximate location of the 
centromere (o) is based on published maps (Sharopova et al., 2002). To 
compare treatment means, Fisher's LSD (P=0.05) values for the genetic map of 
each chromosome are presented at the bottom. 
Fig 2. Comparison ot pooled linkage maps of chromosomes 1 and 10 of maize 
for stress and non-stress treatments of six populations [B73(B73/Mo17)]. Lower 
case letters on the left indicate SSR (simple sequence repeats) loci. The total 
lengths (cM, Haldane) are at the top of the respective genetic map. Asterisks 
indicate loci with segregation distortion (* 0.05 and ** 0.01 significance level). 
Filled boxes indicate significant differences (5% level) as determined by chi-tests 
between intervals of adjacent loci. The approximate location of the centromere 
(° ) is based on reported maps (Sharopova et al., 2002). Fisher's LSD (P= 0.05) 
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Water-deficit stress increases meiotic recombination in maize (Zea mays L.) 
genotype Mo17/H99 
Additional index words: crossovers, segregation distortion, abiotic stress 
Abstract. Plant genomes have the capacity to change in response to abiotic 
stress and other environmental signals. In maize (Zea mays L), enhanced 
genetic recombination in response to water deficit has been reported for 
genotype B73/Mo17 (Verde, chapter 1 of dissertation). However, it is not known 
if enhanced recombination in response to water stress is a general response in 
maize. Therefore, the primary objective of the study was to identify whether a 
water-deficit stress during male meiosis affects recombination in other maize 
genotypes. A secondary objective was to observe and compare crossover 
occurrence and distribution with other genotypes. Two treatments were applied 
in the greenhouse to Fi plants (Mo17/H99), water-deficit stress (25% of field 
capacity), and non-stress (field capacity). The F, plants were mated as males to 
H99 to create three populations from each treatment. Progeny of each 
population was genotyped at microsatellite loci to create genetic maps for 
chromosomes 1 and 10. Comparisons of recombination were made within and 
between treatments. The genetic maps of chromosomes 1 and 10 were larger 
for stressed plants (177 cM vs. 161 cM in chromosome 1 and 84 cM vs. 65 cM for 
chromosome 10). An excess of H99 alleles was observed in all populations of 
both chromosomes. Over all populations, crossovers were not detected in 17% 
of the progeny for chromosome 1 and 48% for chromosome 10. Results agree 
with previous studies and suggest that meiotic recombination increases in 
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response to water-deficit stress in maize. 
Introduction 
Meiotic recombination is an essential process for sexual organisms. This 
mechanism produces novel allelic combinations and generates genetic variability 
that could provide selective advantages. In addition, since it allows the exchange 
of DNA between chromosomes, it permits natural selection to favor a particular 
mutation or combination of genes regardless of their original background (Rice 
and Chippindale, 2001). The relationship between recombination and the 
environment has been increasingly recognized (Korol et al, 1992; Lucht J.M. et 
al., 2002). Meiotic recombination is a mechanism that could allow organisms to 
maintain a balance between genetic stability required in current conditions, and 
the genetic flexibility necessary for future environmental changes. Studies on 
meiotic recombination would elucidate relationships between organisms and 
environment, and therefore would allow a better understanding of the 
evolutionary process. Such understanding could facilitate plant and animal 
breeding where an essential condition for genetic improvement is the presence of 
genetic variability. 
Studies on genetic recombination started in the early 1900s and many 
organisms have been analyzed (Parsons, 1988). Initial studies reveal that for a 
given species, meiotic recombination could vary several folds (Stadler, 1926; 
Allard, 1963; Parsons. 1988). Subsequent research has revealed that 
recombination may be influenced by gender, environment, and genetic factors. 
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Several external factors (biotic and abiotic) have been shown to have an 
important influence on the frequency of recombination for different species. 
Chemicals (Russell and Tatum, 1956; in Chlamydomonas), nutritional states 
(Abdullah and Borts, 2001, in Sacharomyces cerevisiae; Parsons, 1988, in 
Drosophila), X-rays (Muller, 1925, in Drosophila), mutagenic agents and 
temperature (Shams-UI-lslam, 1956, in zea mays; Parsons, 1988, in Drosophila) 
have been shown to affect meiotic recombination. Among these external factors, 
the effect of temperature has been frequently studied. In general, recombination 
frequency increases when the factor under study varies from the optimal 
conditions for the organism. In other words, recombination tends to increase 
under stressful conditions. 
There is evidence of genetic variation for recombination frequency and 
genomic responses to stress. Genotypes may respond in different way to 
environmental stress. In flax (Linun usitatisimum L), reduction in nuclear DNA 
concentration in response to high soil nitrogen concentrations are observed in the 
variety Stormont Cirrus (Schneeberger and Cullis, 1991), but the changes were 
not observed in all varieties (Durrant, 1962, Schneeberger and Cullis, 1991). 
Furthermore, there is evidence of genetically determined variation in 
recombination frequency for several species (Sanchez-Moran et al., 2002). In 
Arabidopsis, significant variation (p< 0.001) in chiasma frequency was observed 
between 8 accessions that represent a wide geographical diversity (Sanchez-
Moran et al., 2002). Genetic variation in recombination has also been reported 
for rye (Rees 1961) and barley (Nilson and Pleger, 1991). 
In maize (Zea mays L), variation in recombination frequency has been 
well documented for gender and genotype (Phillips, 1969; Robertson, 1984; 
52 
Williams et al., 1995; Nel, 1970; Tulsieram et al., 1992). Studies that compare 
recombination between male and female gametes of maize usually detect higher 
recombination during microsporogenesis (Phillips, 1969; Robertson, 1984). With 
respect to genetic sources, variation in recombination frequency has been 
reported for chromosome 1 in 16 populations of diverse origin (Williams et al., 
1995), for regions of chromosomes 1 and 6 in three maize populations (Tulsieram 
et al., 1992) and for individuals of the Iowa Stiff Stalk Synthetic population (Fatmi 
et al, 1993; Hadad et al., 1996). 
Several studies recognize that environmental conditions may affect the 
variability of recombination among plants of the same genotype (Beavis and 
Grant, 1991; Stadler. 1926). However, studies that focus on variation in 
recombination frequencies due to environmental factors are limited. In maize, 
comparison between individuals growing in uncontrolled environments (locations) 
did not detect differences in recombination frequencies (Hadad et al., 1996; 
Tulsieram et al., 1992). Studies that focus on a particular environmental factor 
have been conducted to investigate the effect of low temperature and water 
deficit (Shams-UI-lslam, 1956; Verde, 2003 chapter 1 of dissertation). Crossover 
frequencies of plants exposed to two temperatures (3°C vs. 10°C) during different 
stages of development were analyzed in a maize stock that was heterozygous for 
a translocation between chromosome 5 and 6 (Shams-UI-lslam, 1956). 
Chromosome 6 contains the nucleolus organizer, and in the absence of the 
organizer, the nucleolar material remains dispersed. Therefore, to detect 
crossovers they observe nucleolus organization in microsporocyte quartets. 
Cytological evidence of higher crossover percentage (54.6% vs. 63.1%) was 
observed in plants exposed to low temperatures (3°C) (Shams-UI-lslam, 1956). 
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Water stress, which can be caused by vascular damage (i.e. disease, 
insects), root damage (i.e. corn root worm), and insufficient soil moisture, is a 
commonly encountered stress in maize. When water is deficient, leaves loose 
turgidity, photosynthesis ceases, and plants stop growing (Andrade and Sadras, 
2000). Therefore, with the occurrence of water deficits many of the physiological 
processes associated with growth are affected. 
In maize, enhanced genetic recombination in response to water deficit has 
been reported for one genotype (B73/Mo17)(Verde, 2003 chapter 1 of 
dissertation). In this study, one group of F1 plants was grown under no-stress 
conditions and another was subjected to water deficit stress (25% of field 
capacity). The genetic maps of the analyzed chromosomes (1 and 10) were 
larger for populations of the stressed F, plants. The increase in recombination 
was 15%. An increase in genetic recombination in response to water deficit has 
not been investigated with other maize genotypes. Genotypic variation for 
recombination frequencies has been reported for maize. However, genetic 
variation for genomic responses to abiotic stress has been reported for plants (i.e 
Linum usitatisimum, Durrant, 1962, Schneeberger and Cullis, 1991). Therefore, 
the objectives of the present study were: (a) to identify whether a water-deficit 
stress during male meiosis affects meiotic recombination in another maize 
genotype (Mo17/H99). and (2) to observe and compare crossover occurrence 
and distribution. 
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Materials and Methods 
Maize inbred lines Mo17 and H99 were used in this study. Both inbreds 
are adapted to the U.S. corn belt and are considered part of the "Lancaster Sure 
Crop" heterotic group (Melchinger et al., 1991). 
Inbreds were mated in the field nursery during summer of 2001 to produce 
Ft (Mo17/H99) kernels. In March 2002, F, kernels were planted in individual pots 
(12-L) at the agronomy greenhouse. Each pot contains only one kernel. Pots 
were filled with the same amount (3 Kilograms) of growing mix (Sunshine SB300, 
SUN GRO, Bellevue, WA) and were fertilized with 20g of Osmocote Plus (16-8-
12) fertilizer. In addition, 0.5 liter of a Calcium Nitrate and Magnesium Sulfate 
solution (Calcium Nitrate 3.75 mM, Magnesium Sulfate 1.25 mM) was applied 
once a week for four consecutive weeks after planting. The amount of water 
retained after saturation (field capacity, "FC") was calculated for each pot as 
described (Verde et al. 2003, chapter 1 of dissertation). The temperature in the 
greenhouse was 25/20 °C day/night. Additional light was provided with high 
discharge lights (400-watt bulb; Philips, c400s51) to achieve 400 umol/m'2s"1 of 
light intensity and a light regime of 14/10 hr light/dark. 
The stages of plant development were assessed as described by Chang 
and Neuffer (1989). All F, plants were watered to field capacity until pre-meiosis 
stage (V7-V8, Special report No.48). At pre-meiosis, F, plants were randomly 
divided in two groups. One group was subjected to a stress treatment and the 
other to a non-stress treatment. Plants of the non-stress treatment were grown at 
field capacity, and the plants of the stress treatment were grown at 25% of field 
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capacity. Pots were randomly distributed in the greenhouse benches. 
Treatments were applied until the tassel emerged from the whorl. 
All plants (Fi and H99) were tested for the correct allelic constitution using 
five microsatellite loci. Each F, plant was then mated as male to H99 to generate 
a backcross population (i.e., BCi Fi). Pollinations were made at approximately 
the same time of the day (1:00 pm - 2:00 pm). From each treatment, three 
backcross populations (BC-i Fi), each from a different male F, plant, were 
randomly selected for analysis. Kernels from the populations were grown in sand 
benches and leaf tissue from 93 plants was individually collected for each 
population. DNA was extracted from the leaf sample of each plant using a 
modified hexadecyltrimethyl-ammonium bromide (CTAB) method (Dietrich et al., 
2002). 
Chromosomes 1 and 10 were chosen for this investigation as they had 
served as the basis of earlier studies (Verde, 2003 Chapter 1 of dissertation; 
Tulsieram et al., 1992: Williams et al., 1995). The inbred lines Mo17 and H99 
were assessed for polymorphism with the available microsatellite loci. Primer 
selection was based on separation of alleles (PGR products) on 4% methaphor 
gels, and reproducibility and clarity of the PGR products (Senior et al., 1998). 
Loci with codominant alleles were screened and mapped on population 1 (control 
treatment) until all bins of the genetic maps of chromosome 1 and 10 were 
represented, and intervals between adjacent loci were smaller than 20 cM (Figs. 
1 and 2). After the evaluation, 17 and 7 loci were selected for the analysis of 
chromosomes 1 and 10 respectively (Figs. 1 and 2). For each population, 96-
well microliter plates containing DNA from the 93 BC, F, individuals, the F1t Mo17 
and, H99 were created. PGR reactions were performed using a PTC-100 (MJ 
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Research, Waltham, MA) thermal cycler. Amplification conditions are those 
described by Senior et al. (1998). After amplification, products were separated 
using a modified version of Senior et al. (1998). In this version, a 4% 
METAPHOR gel (FMC Byproducts, Rockland, ME) containing 13 ng mL"1 of 
Ethidium Bromide were used for separation and detection of PGR products. 
Products were separated by electrophoresis in an A3-1 model gel system (23 by 
40 cm; Owl Scientific, Cambridge, MA) using 1X TBE buffer (Sambrook et al., 
1989). Eight 50-tooth combs, spaced 4 cm apart, were placed in each gel so that 
samples from four 96-well plates ran on the same gel. DNA fragments were 
separated by electrophoresis at 300 V in a cold room (6 °C) for 2 to 4 hours 
depending on the expected molecular weight of PGR products (i.e. alleles). The 
1X TBE buffer was cooled by circulation through an ice bucket with a CP-600 
peristaltic pump (Life Technologies, Gathersburg, MD). Gels were observed in a 
transilluminator (FOTO/UV 300, FOTODYNE, Hartlant, Wl) and photographed 
with digital imaging system (Alpha Imager™ 2000, San Leandro, CA). The allelic 
constitution of each individual was determined on the basis of visual comparisons 
among PGR products observed for Mo17, H99, the F, (Mo17/H99) and the 
populations for a given pair of primers. The determination of alleles and data 
entry was repeated twice and discrepancies were resolved by repeating the PGR 
for the samples in question. Loci that were homozygous for the allele of the 
recurrent parent (H99) were coded as "B" and those loci presenting one allele 
from H99 and one from Mo17 were coded "H". The PGR was repeated for all 
individuals involved in putative double crossovers (crossovers in adjacent 
intervals) and for unclear products or results. 
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MAPMAKER version 3.0 (Lander et al., 1987) was used for linkage 
analysis. Genetic maps for the three stress and the three control populations 
were constructed for both chromosomes (Fig. 1). A t-test and a permutation test 
were conducted for each chromosome to test for differences in map length 
(centimorgans) in the two treatments. Segregation data of populations within 
each treatment were combined since they were homogeneous according with the 
likelihood G-test (Beavis and Grant, 1991) at 1% significance level. Genetic 
maps of stress and non-stress treatments for pooled data were constructed 
(Fig.2). Recombination between pairs of adjacent loci (intervals) in the two 
treatments was compared in the pooled maps using a chi-square test and a G-
test. In individual and combined data sets, a ratio of 1:1 was expected for the 
alleles of the two parents. Observed ratios were tested for deviations using a chi-
square test (Fig.1 and 2). Recombination frequencies estimated with Bailey's 
method (Lorieux et al., 1995) were employed to assess if segregation distortion 
affected estimates of map distances. The program "Mapdisto" version 1.2.0.7 
(http://www.mpl.ird.fr/mapdisto/) was used to estimate Bailey's recombination 
frequencies in combined data sets. Finally, the number and distribution of 
crossovers were recorded for each BO, F, population. 
Results 
Phenotypic traits examined were different between treatments at 5% 
significance level. Treatment means for plant height and ear height were smaller 
in the stress treatment, 2.15m vs.1.52m and 0.73m vs. 0.32m, for plant height 
and ear height in control and stress treatments respectively. Pollen shed on 
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plants subjected to water-deficit stress was on average 11 days later. Therefore 
water-deficit stress (i.e. 25% field capacity) affected growth and development of 
Fi plants. 
Only 13 data points were missing from the entire data set. On 
chromosome 1, ten data points were missing (0.1%, 10/9486) and in 
chromosome 10 they were three (0.08%, 3/3906). The 24 loci of chromosomes 1 
and 10 had a consistent order and linkage group assignment in all populations. 
Maps for chromosomes 1 and 10 for the three populations of each 
treatment are presented in figure 1. For chromosome 1, two of the stressed 
populations have maps that are longer than all control populations. The 
remaining stress population (population 3) had a map length that was equal to 
the longest map of the control populations. However, the map lengths of 
individual populations were not significantly different in the treatments based on 
the t-test (p-value = 0.08) and the randomization test (p-value = 0.1) for 
comparisons of populations between treatments. All maps of chromosome 10 
stress populations were larger than those from the control treatment. The 
differences were significant at the 5% level based on the t-test and the 
randomization test. In each population, the map distances of chromosome 1 and 
10 were added and the statistical comparison of treatment was repeated. Based 
on a t-test, treatments were different at the 5% significance level. Evidence that 
water deficit (25% field capacity) increases male meiotic recombination in 
Mo17/H99 genotype. 
The variation among maps within treatments was not significant. 
Therefore, segregation data were combined to construct combined maps for each 
treatment. The combined maps of chromosomes 1 and 10 were longer in the 
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stress treatment (178 cM vs. 161 cM for chromosome 1, and 84 cM vs. 64 cM for 
chromosome 10). 
The combined maps allowed pairwise comparison of intervals in the stress 
and control treatments and therefore a more detailed analysis of recombination. 
In addition, interval comparisons could identify regions responsible for the 
differences in map lengths between treatments. In chromosome 1, of the 16 
intervals in the combined maps, 8 (50%) had more map units (cM) in the stress 
treatment, 6 (37%) in the control group, and 2 (33%) had equal values in both 
treatments (Fig. 2). In chromosome 10, of the 6 intervals analyzed, 5 (83%) had 
more map units in the stress treatment while only one interval was longer in the 
control group (Fig. 2). The likelihood test and a chi-square test showed that 4 of 
the intervals were different between treatments at 5% significant level (Fig. 2). Of 
those intervals, two were longer in the stress treatment and two in the control 
group. The fact that only 4 (4/22) of the intervals of both chromosomes were 
different between treatments and only two of those were higher in the stress 
treatment, suggests that an increases in recombination may occur in several 
intervals of the combined maps. The arms of chromosomes 1 and 10 were 
longer in maps of the stress population. In chromosome 1 of the stress treatment 
the short arm and long arms were 88 and 89 cM, respectively. In the control 
group, the short and long arms were 80 and 81 cM, respectively (Fig. 2). In the 
stress treatment of chromosome 10 the short arm was 39 cM and the long arm 
was 45. In the control group the short arm was 28 cM and the long arm was 37 
(Fig. 2). Therefore, in both chromosomes, the arms of stress treatment 
accounted for a similar proportion of the map differences (Fig. 2). 
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The use of a backcross population allowed a clear analysis of the allele 
transmission. The alleles of H99 (the female parent in the backcross population) 
were observed in higher proportion in 77% (111/144) of the loci. Segregation 
ratios at each locus were tested against the expected 1:1 ratio (Mo17:H99 
alleles) by using Pearson's chi-square analysis. The segregation was tested at 
5% (*) and at 1% (**) significance level (Fig. 1). Ratios that differ from 1:1 were 
observed at 18 loci and all have higher frequency of H99 alleles. 
In chromosome 1, the stress treatment populations had 3 loci with deviant 
segregation; two of the loci were in population 1 and the other in population 3. In 
the control group, 12 loci had deviant segregation, one in population 4, five in 
population 5 and six in population 6. According with a t-test, the difference in the 
number of deviant loci in the stress and control treatments was not significant at 
5% level. When maps had more than one locus with deviant ratios the loci were 
in groups adjacent to each other. The analysis of the segregation of the 
combined data showed that segregation ratios at all loci in the stress treatment fit 
the 1:1 ratio. However, in the control treatment segregation distortion was 
observed at 7 loci that were adjacent to each other and constituted a contiguous 
region (Fig. 2). In addition, distortion was most severe (p < 0.0005) around 
umc1035 and gradually declined at flanking loci. This suggests that a selection 
mechanism could exist in chromosome 1. 
Segregation distortion could affect estimates of map distance by reducing 
the recombination frequencies. The influence of segregation distortion on map 
length was investigated in combined data sets of chromosome 1. Bailey's 
method was used because in backcross populations with segregation distortion 
estimates of recombination stay unbiased (Lorieux et al.. 1995). The map 
61 
lengths were slightly smaller when the stress and control treatments were 
calculated with Bailey's method. The reductions were 2.5cM and 1.2 cM in the 
stress and control maps respectively. The estimates of map distances were not 
significantly affected by the segregation distortion on chromosome 1. 
In chromosome 10, only 3 loci had deviant segregation. One of the loci 
was in population 2 and the other two were in population 4. In maps from the 
combined data, two loci were distorted and both where on the stress map. 
The summary of the frequency and distribution of crossovers in chromatids 
of chromosomes 1 and 10 is presented in Table 1. According to a t-test, the 
distribution of crossovers was not different (5% significance level) between stress 
and control treatments. In chromosome 1, individuals with 4- and 5-crossover 
chromatids were in higher proportion in the stress treatment (5 vs. 2 individuals 
for 4-crossover and 1 vs. 0 for 5-crossover in stress and control treatments 
respectively). In both treatments, individuals with 1-crossover chromatid were the 
most abundant class (33 and 37 individuals in the stress and control treatment 
respectively). In chromosome 10, individuals with 1-, 2- and 3-crossover 
chromatids were in higher proportion in the stress treatment (41 vs. 35 individuals 
for 1-crossover, 11 vs. 9 for 2-crossover, and 1 vs. 0 for 3-crossover on average 
in stress and control treatment respectively). Individuals with 0-crossover 
chromatids (non-recombinant) were the most abundant class (41 and 49 
individuals in the stress and control treatment respectively). The total number of 
crossovers in adjacent intervals (double crossovers) was also higher in the stress 
treatment of both chromosomes (6 vs. 3 in chromosome 1 and 2 vs. 1 in 
chromosome 10 of stress and control treatments respectively; Table 1). The 
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average number of crossovers in each chromatid was 1.5 for chromosome 1, and 
0.6 for chromosome 10. 
Overall populations, crossovers were not detected in 17% (94/558) of the 
individuals in chromosome 1 and in 48% (268/558) in chromosome 10 (Table 1 ). 
In chromosome 1, 65% (61/94) of the non-recombinant chromatids were H99 
haplotypes. In chromosome 10, the proportion of H99 haplotypes was 54% 
(144/268). Individuals with non-recombinant chromatids in both chromosomes 
and in addition chromatids were from the same parent were observed in 4 % 
(24/558) of the individuals. Of this group, 67% (16/24) came from the control 
populations and 58% (14/24) were H99 haplotypes. 
Discussion 
This experiment was designed to further investigate the effect of water-
deficit stress on meiotic recombination in maize. Increase genetic recombination 
in response to water deficit stress has been previously reported in one genotype, 
B73/Mo17 (Verde, 2003, chapter 1 dissertation). However variability in 
recombination frequencies has been observed in maize (Beavis and Grant, 1991; 
Tulsieram et al., 1992). Some of the variation in recombination rates may be 
attributed to features in the genome (Fu et al, 2002) such as transposable 
elements (Fu etal, 2002), inversions (Carlson, 1977), or knobs (Rhoades, 1978). 
Consequently it is unknown if the observed increase in recombination observed 
in B73/Mo17 is a general stress response in maize. 
In this study the effect of water deficit was investigated in another maize 
genotype (Mo17/ H99). The experimental conditions were the same than those 
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used with B73/Mo17 genotype (Verde, 2003, chapter 1 dissertation) and the 
same chromosomes (1 and 10) were surveyed in both studies. Thus, it was 
possible to compare both studies. With the exception of water, factors such as 
temperature, photoperiod, nutrient fertilization and genotype were the same for 
the two treatments. In addition, the backcross population permits a less 
ambiguous analysis of haplotypes. Therefore, the effect of water deficiency 
during male meiosis may be clearly assessed. 
The analysis of stress and non-stress treatments showed that 
recombination frequencies increased when maize plants were exposed to water 
deficits before and during meiosis. Generalizations from a region to the entire 
genome are usually invalid, because recombination rates are known to vary 
across the chromosome (Fu et al, 2002). In this study the longest and shortest 
chromosomes of the maize complement were survey. In addition, increments on 
recombination occurred in a similar proportion in both chromosomes. Therefore, 
we can safely postulate that the increase on recombination appears to be 
genome wide. On average, the increase on recombination on the stress 
treatment was 16 cM in chromosome 1, and 19 cM in chromosome 10. 
Therefore, the genome difference between treatments for the analyzed 
chromosomes was 35 cM (13%) that is consistent with the 15% increase 
observed in B73/Mo17 genotypes subjected to water stress (Verde, 2003, 
chapter 1 dissertation). Therefore, it appears that the increase in meiotic 
recombination is a common response to water deficit stress in maize. In addition, 
a similar increase (14%) was reported in the number of crossovers in maize 
plants subjected to low temperatures stress (Shams-UI-lslam, 1956). The 
resemblance between increments in two different abiotic stresses (water and 
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temperature) suggests that the observed rate of increment may also be a 
common response in maize. Common rates of increments on recombination 
could be explained by the proposed relation between stability and flexibility of 
genomes (Caporale, 2000). This relation suggest that the increase in 
recombination should be enough to generate genetic variability that will allow 
organisms to adapt to the changing environment, but at the same time low 
enough to ensure a degree of genome stability for the specie to persist 
(Caporale, 2000). 
Regions with consistent enhancement in recombination ("hot spots") were 
observed in the two chromosomes (e.g. phi059-phi050 in chromosome 10). 
However, the analysis of intervals reveals that the highest recombination values 
for different regions varied between populations and treatments. The results 
correspond with those observed in the B73/Mo17 populations (Verde, 2003, 
chapter 1 dissertation). This suggests that recombination mechanisms may be 
activated under stress, but the process of generating recombinants does follow a 
specific pattern. This has been previously postulated for bacteria (Arber, 2002). 
Arber (2002) suggests that genetic variants produced by different mechanisms 
(i.e. genetic recombination) are random and there is no evidence of directedness 
of the processes. 
The results provide further evidence that supports the hypothesis that 
genetic recombination is modulated environmental factors (Korol et al., 1994; 
Parsons, 1988). Furthermore, they highlight the evolutionary importance of 
meiotic recombination, since genetic changes are subjected to selection in the 
next generation. In addition, recombination permits mutations to be independent 
of the background in which they originate (Rice and Chippindale, 2001 ). This 
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occurs because recombination reshuffles the genome creating new combinations 
of alleles in each chromosome. Therefore, increase in genetic recombination will 
make mutations independent from the background faster, increasing the chances 
for favorable mutations to persist in the population. 
The occurrence and distribution of crossovers were consistent with those 
observed in B73/Mo17 genotypes (Verde, 2003, chapter 1 dissertation). In 
chromosome 1, of both genotypes (Mo17/H99 and B73/Mo17) and treatments, 
chromatids with 1-crossover was the class that had more individuals (33 and 37 
individuals for stress and control treatments of Mo17/H99, and 33 and 38 
individuals for stress and control treatments of B73/Mo17). Individuals with 5-
crossover chromatids were observed only in the stress treatment for both 
genotypes. In addition, the stress treatment had a higher number of crossovers 
in adjacent intervals in the stress treatment (6 vs. 3 crossovers in adjacent 
intervals for stress and control treatment of Mo17/H99, and 4 vs. 1 crossovers in 
adjacent intervals for stress and control treatment of B73/Mo17). In chromosome 
10, the most abundant class in the control populations of both genotypes was the 
class with 0-crossoves (on average 49 and 44 individuals did not have 
crossovers in Mo17/H99 and B73/Mo17 respectively). In the stress treatment 
chromatids with 1 crossover was the most abundant chromatid class (42 
individuals) in B73/M017 and in Mo17/H99 the same amount of individuals (41 
individuals) were observed in with 0- and 1-crossover by chromatid. As observed 
in chromosome 1, the stress treatment had a higher number of crossovers in 
adjacent intervals in the stress treatment of both genotypes (2 vs. 1 crossovers in 
adjacent intervals for stress and control treatment of Mo17/H99, and 1 vs. 0 
crossovers in adjacent intervals for stress and control treatment of B73/Mo17). 
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Consistent patterns in both genotypes suggest that observations may be 
common to other maize populations. In addition, the proportion of non-
recombinant chromatids was very similar with result obtained in Arabidopsis 
thaliana (Copenhaver etal., 1998). In maize, both studies had 32% of non-
recombinant chromatids while in Arabidopsis the percentage of parental 
chromatids was 34. 
Another interesting point was that in both maize studies, non-recombinant 
chromatids from one of the parents were preferentially transmitted, suggesting a 
selective mechanism. In our study, non-recombinant chromatids from the 
recurrent parent (H99) were preferentially transmitted, while in B73/Mo17 
genotype the non-recombinant chromatids from the non-recurrent parent (Mo 17) 
were the ones preferentially transmitted. It is not possible to detect the exact 
mechanism favoring a parental chromatid, but because the direction of the cross 
in Mo17/H99 and B73/Mo17 genotypes is different, the sex of the gametophytes 
can be eliminated as possible source. 
As previously discussed, single loci were expected to segregate in a 1:1 
ratio for the two alternative alleles of the F1 parent. Although skewed ratios were 
observed in both chromosomes and treatments, only chromosome one of the 
control treatment had several distorted loci (Fig. 1). When segregation was 
analyzed on the combined data set of chromosome 1, only the non-stress 
treatment had loci with skewed segregation. Furthermore, the observed distortion 
in the non-stress treatment was most severe near umc1035 and progressively 
decreased at flanking loci (Fig. 2 and A from appendix). These results in 
conjunction with the fact that all loci with skewed ratios were in the direction of 
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the alleles of H99, suggest that a single factor around umc1035 may cause the 
effect. 
Segregation distortion has been reported for many plant species including 
maize (Paterson et al., 1990; Busso et al., 1995; Lashermes et al., 2001; 
Tulsieram et al., 1992; Sharopova et al., 2002). In maize, some genome regions 
containing deviant segregation ratios are observed in different genotypes 
(Sharopova et al., 2002). The region with deviant ratios in chromosome 1 has 
also been reported as distorted in B73/Mo17 BC1F1 (Verde, 2003, chapter 1 
dissertation), B73/Mo17 recombinant inbred lines (RILs) (Casa et al., 2000; 
Sharopova et al., 2002), B73/B52 RILs (Cardinal et al., 2001), and B73/De811 F3 
lines (Krakowsky, 2002, dissertation). Fora given genotype (e.g. B73/Mo17) and 
chromosome region deviant ratios have been always toward the alleles of the 
same parent (e.g. alleles of B73) in all population types (BC, RIL, etc). For 
genotypes that share a parent (e.g. B73/Mo17 and B73/B52) the regions with 
deviant ratios not always present the same alleles in excess. The consistent 
pattern of distortion observed on the long arm of chromosome 1 of different 
genotypes supports the idea that a genetic factor might be responsible for the 
effect. Different causes could generate unequal representation of parental alleles 
in the next generation such the abortion of male or female gametes, the selective 
exclusion of a particular gamete, or zygote selection (Kreike and Stiekema, 
1997). Further work is required to determine the source of distortion in this study. 
The biggest concern with skewed segregation ratios is that they can 
influence the estimates of recombination (Bailey, 1949; Lorieux et al., 1995). 
According with Lorieux (1995), Bailey's estimates of recombination are more 
consistent than classical methods in situations with segregation distortion. 
68 
Therefore it should be used segregation distortion in backcross populations. In 
general, segregation distortion results in overestimation of recombination 
(Lashermes et al., 2001). In this study, Bailey's estimates of map length were 
smaller in both treatments (3 cM and 2 cM in the stress and control treatment 
respectively) and differences were insignificant. In addition, segregation 
distortion was only observed in the control treatment Therefore, if distortion 
affects map length it is expected that only the non-stress treatment will be 
affected; thus, it will actually increase the differences between treatments. In 
summary, there is no evidence that distorted segregation influenced map length. 
The possibility to manage recombination frequencies has practical 
implications for genetic studies and breeding strategies. As suggested by Lee et 
al. (2002) resolution of genetic maps could be improved by providing additional 
opportunities for recombination before the development of the mapping progeny. 
This can be achieved intermating the F2 generation before deriving progeny. 
Studies in maize showed that the increase in map distance after five generations 
of intermating was 3.86-fold (Lee et al., 2002), but the process requires additional 
time and resources. Water stress which increased map length 1.14-fold in one 
generation, could be applied during the development of mapping progeny. 
Therefore, water deficit stress is an option to develop mapping populations with 
improved map resolution. Furthermore, it could be use in conjunction with 
intermating to obtain even higher genetic resolution. 
For plant breeding, increased recombination will accelerate reshuffling of 
chromosomes providing novel combinations of genes that could improve 
phenotypes. Therefore, higher genetic variability may be available for selection 
and breeding strategies must be developed to take advantage of this opportunity. 
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In addition, increase of genetic recombination can have advantages in 
introgression programs. When trying to introduce genes by backcross breeding, 
simultaneously undesirables segments linked to the gene of interest are 
introduced (Young and Tanksley, 1989). Higher recombination will help minimize 
segment linked to the gene of interest and in consequence it will accelerate 
backcross-breeding programs. Alternative ways to apply the stress (i.e. high 
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Table 1. Occurrence and distribution of crossovers in chromosomes 1 and 10 of six maize 
backcross populations [H99(Mol 7/H99)] from stress and non-stress treatments. Each 
population consisted of)3 individuals. 
Chromosome I 
Parameter Stress populations Non-stress populations 
1 2 3 mean 4 5 6 mean 
Chromatids with: 0 crossovers2 14 20 14 16 15 16 15 15 
I crossovers 32 32 36 33 36 34 41 37 
2 crossovers 32 22 27 27 26 24 28 26 
3 crossovers 10 II 12 11 15 16 7 13 
4 crossovers 4 6 4 5 1 3 1 1 
5 crossovers 1 2 0 1 0 0 0 0 
Total number of crossovers 147 136 140 144 137 142 130 136 
Ascrage crossovers by individual 1.6 1.5 1.5 1.5 1.5 1.5 1.4 1.5 
Crossovers in long armN 73 87 73 73 58 74 71 68 
C Yossovers in short arm1 74 49 67 71 79 68 59 69 
Adjacent crossovers'* 3 9 6 6 4 2 3 
Chromosome 10 
Parameter Stress populations Non-stress populations 
1 2 3 mean 4 5 6 mean 
Chromatids with: 0 crossovers7" 42 41 39 41 47 46 53 49 
1 crossovers 43 40 39 41 39 37 30 35 
2 crossovers 6 12 14 1 1 6 10 10 9 
3 crossovers 2 0 0 1 1 0 0 0 
Total number of crossovers 61 64 69 65 54 57 50 54 
Average crossovers by individual" 0.7 0.7 0.7 0.7 0.6 0.6 0.5 0.6 
( Yossovers in long arnV 34 31 41 34 25 33 32 30 
c Yossovers in short arm1 27 33 30 33 29 24 18 24 
Adjacent crossoversx 2 1 2 1 I 0 1 
7 In this studs crossovers \xeic detected when alleles at adjacent loci are from different parents. 
Arms were defined based on the approximate centromere position (Sharopova et al. 2002). 
x Adjacent crossovers were defined as crossovers appearing in adjacent intervals. This is identified as an 
additional category hut is already accounted in the crossover category 
" With the exception of "average crossovers by individual" mean values are rounded. 
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Figure captions 
Fig. 1. Genetic maps of maize chromosomes 1 and 10 for stress and control 
treatments of six backcross populations of [H99 (Mo17/H99)]. All populations, 
each produced by mating one F, plant to inbred line H99 were represented by a 
sample of 93 individuals. Position of microsatellites loci is indicated by horizontal 
lines. Linkage maps of chromosomes 1 and 10 are based on 17 and 7 loci 
respectively. The total length (cM, Haldane) is at the top of the respective map. 
Asterisks indicate loci with segregation distortion (* 0.05 and ** 0.01 significance 
level). The approximate location of the centromere ( ) is based 6h published 
maps (Sharopova et al., 2002; Maize Genome Data Base). Fisher's LSD 
(P=0.05) values for each chromosome are presented at the bottom. 
Fig 2. Comparison of pooled linkage maps of chromosomes 1 and 10 of maize 
for stress and control treatments of six backcross populations [H99 (Mo17/H99)]. 
The identifiers of the microsatellite loci are at the left of the maps for each 
chromosome of the stress treatment. The total lengths (cM, Haldane) are at the 
top of the respective genetic map. Distance in centimorgans (cM, Haldane) 
between adjacent loci is indicated on the right of the linkage maps. Filled boxes 
indicate significant differences between intervals at 5% level. The approximate 
location of the centromere (o ) is based on reported maps (Sharopova et al., 
2002; Maize Genome Data Base). Fisher's LSD (P= 0.05) values for each 
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CHAPTER 3 
Indistinguishable patterns of meiotic recombination resulting from 
defoliated and non-defoliated maize (Zea mays L.) plants of genotype 
Mo17/H99. 
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Indistinguishable patterns of meiotic recombination resulting from 
defoliated and non defoliated maize (Zea mays L.) plants of genotype 
Mo17/H99. 
Additional index words: crossing-over, stress, wounding 
Abstract. Meiotic recombination can vary due to many factors, including abiotic 
and other environmental factors. Environmental factors such as temperature, and 
water deficit have been shown to alter recombination frequencies in maize 
(Shams-UI-lslam, 1956; Verde et al. 2002 a and b). The effect of other 
environmental stresses on genetic recombination has not been reported in maize. 
The primary objective of this paper was to determine if defoliation during pre-
meiosis affect genetic recombination in maize. Therefore, we compare male 
recombination observed in stress (defoliated plants) and non-stress plants. Two 
treatments were applied in the greenhouse to F, plants (Mo17/H99) at pre-
meiosis (V7 stage of development). Three backcross populations from each 
treatment were created by crossing each F, as male to H99. Progeny of each 
backcross population were genotyped at micro-satellite loci and genetic maps for 
chromosomes 1 and 10 were created. Comparisons of recombination were 
made within and between treatments. No significant differences were observed 
between maps within a treatment; therefore, segregation data from the same 
treatment were combined. The genetic maps of chromosome 1 and 10 for stress 
and non-stress treatments did not differ (161cM vs 161cM in chromosome 1 and 
67cM vs 64cM in chromosome 10). Strong segregation distortion was observed 
in several loci of both treatments, but map distance was not significantly affected. 
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An excess of H99 alleles was observed in both chromosomes of all populations. 
Over all populations, crossovers were not detected in 16% of the individuals for 
chromosome 1 and 51% for chromosomelO. 
Introduction 
It is known that eukaryotic organisms have the capacity to respond to 
adverse biotic and abiotic environmental conditions. In plants, stressful 
conditions such temperature, salinity, drought, and pathogen or insect attacks 
have been shown to activate a number of defense responses. Defense 
responses involve activation of some genes that are not expressed under normal 
conditions and increase in levels of certain phytohormons (Koiwa et al., 2002; 
Cheong et al., 2002). In most instances, plants responses involves changes that 
are not heritable, but as pointed by McClintock (1984), heritable changes in 
response to environmental challenges have been observed in different plant 
species (Cullis, 1981; Durrant, 1962; McClintock, 1984; Lebel et al., 1993; Lucht 
et al., 2002). Different mechanisms can generate heritable genetic changes that 
help descendants survive in changing environment (Arber, 1999). Examples of 
these mechanisms include transposition of transposable elements (Walbot, 1999; 
McClintock, 1984), increase on the frequency of somatic recombination (Lucht et 
al., 2002; Ries et al., 2002), and increase on meiotic recombination (Verde et al., 
2002a and b; Chapter 1 and 2 of dissertation). Organism with multiple 
mechanisms may have selective advantages (Caporale, 2000). In this paper we 
focus on meiotic recombination that as previously pointed is one of the 
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mechanisms that can produce heritable changes in response to environmental 
challenges. 
Meiotic recombination is a phenotype that can be influenced both by 
environmental and genetic factors. Environmental factors such as temperature, 
X-rays, mutagenic agents, and nutritional levels are able to alter recombination 
frequencies in a diverse group of organisms (Parsons, 1988; Korol, 1994). In 
plants, variation in recombination frequencies attributed to environmental 
conditions has been reported in onion (Allium cepa L; Poliakova, 1940), lima 
bean (Phaseolus lunatus L; Allard, 1963), tomato (Lycopersicon esculentum L; 
Korol et al., 1994), (Hordeum vulgare L; Powell and Nilan, 1963), and maize 
(Zea mays L.; Shams-UI-lslam, 1956). Apparently meiotic recombination is 
maintained at a basal levels when the organism is adapted to the environment 
and when stress is sensed recombination increases (Parsons, 1988). The 
increase on recombination generates genetic variability that will allow the specie 
to adapt to the changing environment. 
In maize, little is known about the rates of recombination under different 
environmental factors. Shams-UI-lslam (1956) was able to show the effect of 
temperature on the frequency of crossovers using quartet analysis. The results 
show that low temperature (3 °C), increases the frequency of crossovers. The 
observed increase on crossover frequency was approximately 13%. The effect of 
water-deficit has also been investigated in maize (Verde et al. 2002 a and b). 
This two studies, used backcross populations generated from stress (water-
deficit, 25% field capacity) and control (Field capacity) F1 plants, to analyze 
genetic recombination in chromosomes 1 and 10 of US adapted genotypes 
(B73/Mo17 and Mo17/H99). Results showed that water-deficit stress during male 
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meiosis increases recombination frequencies approximately 15% in B73/Mo17 
genotypes and 13% in Mo17/H99 genotypes. The increments on recombination 
were observed in both of the analyzed chromosomes. Results of these two 
studies suggest that the increase of genetic recombination due to water-deficit is 
a general effect in maize. The effect of other commonly encounter environmental 
stresses on genetic recombination of maize have not been reported. 
Plant wounding can be caused in nature by biotic factors as insect feeding 
and abiotic factors as wind, rain, and hail. In addition, cultivated plants often 
encounter wounding as a result of agronomic practices (i.e. pruning, clipping). In 
addition wounding makes plants more susceptible to pathogen invasion. As 
pointed previously, plants have mechanisms to face wounding stress and other 
stress factors. Some of the responses share signaling pathways as observed with 
wounding and pathogen defense (Maleck and Dietrich, 1999). Furthermore, 
recently it has been shown the interaction between wounding responses and 
other stress responses including abiotic stress (Cheong et al., 2002). Several 
genes and hormones were responsive to different stress conditions (Cheong et 
al., 2002). In addition, biotic stress and chemicals that activate pathogen defense 
mechanisms have been show stimulate somatic recombination in Arabidopsis 
(Lucht et al., 2002). Therefore it is hypothesized that as observed with water 
deficit stress, plant wounding may affect meiotic recombination in maize. 
The primary objective of this paper was to determine if removal of all 
extended leaves (defoliation) during pre-meiosis affect genetic recombination in 
maize. A secondary objective was to observed crossover occurrence and 
distribution and compare them with previous reports. In addition to the theoretical 
value, this study might have practical implications. An increase on genetic 
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recombination will allow breeders to generate genetic variability and to eliminate 
unfavorable linked genes. In the other side a decrease on genetic recombination 
would allow to use defoliation when the objective is to maintain favor linkage 
blocks. Either way, if differences are observed, defoliation might be easily 
adapted to maize breeding schemes, where it is already a common practice used 
to delay flowering. 
Materials and Methods 
Most aspects of the materials and methods have been previously 
described (Verde et al., 2002b, chapter 2 dissertation). Population selected for 
this experiment was developed from a cross of U.S. adapted maize inbreeds 
Mo17 and H99. This population was previously used to measure the effect of 
water deficit on genetic recombination (Verde et al., 2002b, chapter 2 
dissertation). Therefore, it allowed the measurement the effect of defoliation on 
genetic recombination, and at the same time to compare recombination rates in 
two types of stresses. 
During March of 2002, at the agronomy greenhouse, 12-liter pots were 
filled with a soil mix (Sunshine SB300, SUN GRO, Bellevue, WA) and one F, 
kernels (Mo17/H99) was planted in each pot. The climate parameters and growth 
conditions at the greenhouse were those described by Verde et al. (2002b, 
chapter 2 dissertation). 
Each week after the four leaf stage (V4) one or two plants were dissected 
to assessed stages of development as described by Chang and Neuffer (1989). 
At pre-meiosis (V7-V8), three of the F1 plants were randomly selected for the 
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defoliation stress treatment. Defoliation was performed by clipping all extended 
leafs up to the sheath at V7 stage of development. Therefore, approximately 40% 
of the leafs that this genotype forms were removed. At the same time another 
three Fi plants were randomly selected as controls (non-stress treatment). 
Control plants were grown under the same conditions with the exception that 
these plants were not defoliated. Phenotypic data was collected for all plants of 
both treatments. 
Plants from both treatments were crossed as male to H99 plants to derive 
the backcross mapping populations. Simple sequence repeats (SSR) were used 
to analyze if the F, (male) and H99 (female) plants had the correct allelic 
constitution. From each backcross population 93 plants were grown to four-leaf 
stage and then harvested and freeze dry for subsequent DNA extraction. 
Techniques used for tissue collection and DNA extraction were those described 
by Dietrich et al. (2002). 
To allow comparisons with previous studies chromosomes 1 and 10 were 
chosen for this investigation (Verde et al., 2002a, chapter 1 dissertation; Verde et 
al., 2002b, chapter 2 dissertation; Tulsieram et al., 1992; Williams et al., 1995). 
In addition, the same 24 polymorphic SSR loci used by Verde et al. (2002b, 
chapter 2 dissertation) were selected for this analysis (Figs. 1 and 2). 
To conduct PCR, each population was plated in 96 well microtiter dishes 
that included the 93 F,BC,. the F,. Mo17 and, H99. Amplification, detection and 
categorization of the PCR products were described in detail by Verde et al. 
(2002a; chapter 1 dissertation). 
Genetic maps for the three stressed and the three non-stressed 
populations were constructed for both chromosomes (Fig. 1) using MAPMAKER 
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version 3.0 (Lander et al., 1987). Map length between treatments was compared 
for each chromosome and for the total length (chromosomel plus 10) using a t-
test and a permutation test. Maps of the three populations within each treatment 
were tested for homogeneity using the likelihood ratio test for multilocus map 
distance equality (Beavis and Grant, 1991). Maps were pooled after the analysis 
and genetic maps of stress and non-stress treatments for pooled data were 
constructed (Fig.2). Recombination frequencies between pair of adjacent loci 
(intervals) in the two treatments were compared in the pooled treatment maps 
using a chi-test and a likelihood test (g-test). 
Pearson's chi-square test was used to determine if segregation at each 
locus fit the 1:1 expected ratio (Fig. 1). The analysis of segregation ratios was 
conducted in each population and in the combined data sets of both treatments 
(Fig. 1 and 2). In addition, to assess the impact of segregation distortion on map 
length, Bailey's estimates of recombination (Bailey, 1949) were compared with 
those obtained with the classical method (MAPMAKER estimates). 
Recombination frequencies based on Bailey's method were calculated for 
combined data sets that showed several loci with distorted ratios. The program 
Mapdisto version 1.2.0.7 (http://www.mpl.ird.fr/mapdisto/) was used for these 
calculations. 
Finally, to obtain a complete genetic analysis of the F,BG, populations, 
distribution, total number of crossovers, and amount crossovers appearing in 
adjacent intervals was recorded for each population. 
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Results 
Phenotypic trait analysis showed that plant height in the stress treatment 
was significantly higher (p< 0.05). In addition, plants subjected to defoliation 
flowered 3 days later and this was also significant at 5% significantly level. Ear 
height was not different between the treatments. 
High quality data were obtained for the analysis. The data set was nearly 
complete; only 16 data points were missing from the entire data set (0.12%, 
16/13392). In addition, loci were evenly distributed along the linkage groups, 
correctly assigned to the predicted linkage group, and have a consistent order in 
the six analyzed populations. 
Population maps of chromosome 1 and 10 for defoliation and control 
treatments can be observed in Figure 1. No differences were observed between 
treatments (p< 0.05) for either chromosome. When population maps of each 
chromosome where order according to their length, maps alternate between 
treatments. Furthermore, no differences on total map length (chromosome 1 plus 
10) were observed between treatments (averages were 233 cM for defoliation 
stress and 228 cM for the control treatment). Therefore, defoliation at V7 stage 
of development appears to have no effect on male genetic recombination in 
Mo17/H99 genotype. 
Based on the likelihood ratio test, maps within treatments were not 
significantly different. Therefore, data of populations within treatment was pooled, 
and combined maps for each treatment were constructed. Combined maps have 
smaller standard errors, and allowed to test if they are particular chromosome 
regions with increase recombination. The combined maps of chromosome 1 and 
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10 were very similar in the defoliation and control treatments (161 cM vs. 161 cM 
for chromosome 1, and 67 cM vs. 64 cM for chromosome 10). Comparison of 
intervals (intervals are defined as regions between adjacent loci), in combined 
maps did not show a clear pattern. Intervals with more map units were observed 
almost in equal proportions in both treatments (10 times in the defoliation map 
and 12 in the control map). A likelihood test and a chi-square test showed that 2 
of the intervals were different between treatments at 5% significant level (Fig. 2). 
Both intervals were bigger in the defoliation stress map. Arms of the analyzed 
chromosomes were also similar between treatments (Fig. 2). 
Analysis of the transmission of alleles from the F, (Mo17/H99) genotype to 
the next generation showed that alleles from H99 were transmitted in higher 
proportion. On average over the two chromosomes and six populations, 87% 
(125/144) of the loci had more homozygous (H99) progeny. 
In population subjected to defoliation, segregation of 8 loci (11%) deviates 
significantly (p<0.05) from the expected 1:1 Mendelian ratio (Fig. 1). Loci with 
skewed segregation were present in both chromosomes and were skewed 
toward the H99 parent. In the control populations, distorted loci were observed in 
14 loci (19%) (Fig. 1). As observed in the defoliation populations, distorted loci 
were present in both chromosomes and deviations were in favor of H99 alleles. 
To further check the presence of distortion in each locus, the analysis of 
segregation was conducted on combined data sets. In chromosome 1, all loci 
that were distorted at least in one of the individual populations remain distorted in 
the combined maps (Fig. 1 and 2). In both treatments, distorted loci usually 
appear clustered in the same chromosome region. Furthermore, analysis showed 
that bnlg1598 and umc1035 exhibit pronounced segregation distortion (p< 
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0.0005) and that the distortion decreased to either said (Fig. 2). In chromosome 
10, none of the loci reported as skewed in the individual populations were 
distorted in the combined maps (Fig. 1 and 2). Only umc1084 differed from the 
expected Mendelian ratio (Fig. 2). 
Genetic maps based on recombination values estimated with Bailey's 
method were constructed for chromosome 1 of combined data sets. Maps 
constructed with Bailey's method were slightly smaller (+/-1 cM) for both 
treatments. Therefore, map distance was not significantly affected by observed 
segregation distortion in chromosome 1. 
Frequency and distribution of crossovers in chromosomes 1 and 10 is 
presented in Table 1. Occurrence and distribution of crossovers was extremely 
consistent in both treatments (Table 1). On average over both treatments, the 
number of crossovers observed in each chromatid was 1.5 for chromosome 1, 
and 0.6 for chromosome 10. Chromatids with no crossovers were detected on 
16% (87/558) of the analyzed individuals in chromosome 1, and 51% (286/558) in 
chromosome 10 (Table 1). Non-recombinant chromatids were H99 haplotypes, 
64% (56/87) of the times in chromosome 1, and 56% (159/286) in chromosome 
10. 
Chromatids that were non-recombinant for both analyzed chromosomes 
and in addition came from the same parent were observed in 4 % (22/558) of the 
individuals. Of this group 77% (17/22) were H99 haplotypes, and 73% (16/22) 
came from control treatment populations. 
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Discussion 
Published studies on plant responses induced by defoliation, insect 
feeding, and wounding have predominantly focus on the effect on phenotypic 
traits and on changes on the concentration of defensive compounds (Hanway, 
1969, Remison, S. 1978, Collantes et al., 1998). Therefore, little is known about 
these factors and plant mechanisms that could modulate genetic variability. 
Recently, it has been observed that pathogen stress increases somatic 
recombination in Arabidopsis (Lucht et al., 2002). In plants, since somatic cells 
can participate in the formation of generative tissue, mitotic recombination could 
generate heritable genetic changes (Lebel et al. 1993, Lucht et al., 2002). Meiotic 
recombination is a direct method to generate genetic variability, and the effect of 
defoliation, insect feeding, and wounding on it has not been investigated. 
In our study we investigate the effect of defoliation at pre-meiosis on 
meiotic recombination in maize. Additional factors that could affect 
recombination were controlled in the same manner for defoliated (stress) and 
non-defoliated (control) treatments, permitting a clear analysis of recombination. 
In addition, the experiment was conducted under the same conditions and 
following the same procedures than those used for Mo17/H99 water deficit stress 
(Verde et ai., 2002b), allowing comparisons between different stresses on the 
same genotype. Increase or decrease on recombination could have practical 
implications for breeding programs. Reduce recombination could be used to 
maintain favorable linkage blocks and increase recombination to generate 
variability or to break undesired linkages. Therefore, if recombination could be 
managed by defoliation, it provides a reproducible method to use in breeding 
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programs. In addition, defoliation is a common method used by breeders to 
delay flowering time (Dungan and Gausman, 1951), therefore it could be easily 
adopted. 
Results presented here indicate that male genetic recombination is not 
affected by defoliation at pre-meiosis in maize. Total map length and interval 
analysis showed indistinguishable patterns of recombination between defoliated 
and control treatments. These results are in marked contrast with those observed 
with other environmental challenges in maize and other plant species (Verde et 
al.. 2002 a and b, Korol et al., 1994), were recombination increases under stress. 
Even so, it has been previously reported that defoliation of maize seedlings (cv. 
T55s) did not increase the concentration of hydroxamic acids (i.e.2,4-dihydroxy-
7-methoxy-1, 4-benzoxazin-3-one; DIMBOA)(Collantes et al., 1998). Hydroxamic 
acids are well known defensive compounds and play a role in resistant against 
herbivores, insects, and pathogens in the Poaceae family (Klun, et al., 1967, 
Frey, et al., 1997, Collantes et al., 1998). Furthermore, Collantes et al. (1998) 
observed compensatory growth of defoliated seedling and this agrees with the 
what we observed in plants from the defoliated treatment that were significantly 
higher than the controls. 
Observed results that show no differences on recombination frequencies 
and higher plants on defoliated treatments can be attributed to different causes. 
According with ecological theories the cost of defense mechanisms is a trade-off 
with growth (Rhoades, 1979). The optimal defense theory (Rhoades, 1979) 
sustain that organisms evolve defenses in a manner that maximize individual 
fitness, and defenses mechanisms are costly. Therefore plants will not invest 
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simultaneously in alternative functions (defense vs. growth). Furthermore, Coley 
et al. (1985) suggested that plants with high growth rates would be able to 
tolerate damage by simply re-growing the lost tissue. Alternative, herbivores and 
insect feeding injury can be simulated by mechanical defoliation; however, it 
could happen that plants respond somewhat differently to artificial defoliation than 
to actual herbivores or insect feeding. In addition, wile defoliation in our 
experiment is a one-time event; insects and herbivores continue the stress during 
longer periods of time. Furthermore, other types of stresses (i.e. water deficit) 
are imposed simultaneously to the entire plant and this may induce alternative 
defense mechanisms. Finally, it has been observed that defense compounds as 
DIMBOA that are involve in resistant to leaf feeding by certain insects (i.e. 
European corn borer) in tropical germplasm are not involve in temperate maize 
germplasm (Cardinal et al., 2001). Therefore, it could be that temperate 
genotypes that have been modified by breeding and have not been exposed to 
severe defoliation pressure (i.e. herbivores) have lost the ability to sense or 
respond to this environmental challenge do to erosion of their genetic variability 
(Collates et al., 1998). 
Single loci that differ from the expected 1:1 ratio were observed in both 
analyzed chromosomes and treatments, but only chromosome one of both 
treatment presented several loci with skewed ratios (Fig. 1 and 2). Analysis of 
combined data sets of chromosome 1 showed that with the exception of 
umc1917; all loci with skewed segregation ratios were shared by both treatments 
(Fig. 2). Furthermore, the observed distortion was most severe in umc1035 and 
decrease to either side (Fig. 2 and A from appendix), and all distorted loci had an 
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excess of H99 alleles. These segregation patterns agree with those previously 
reported in this genotype by Verde et al. (2002). 
Segregation distortion can result in false estimates of recombination 
frequencies and locus order when MAPMAKER algorithms are used (Lorieux et 
al., 1995). In general, it has been observed that segregation distortion could 
results in overestimates of recombination frequencies (Lashermes et al., 2001), 
hut theoretical studies have showed that single locus distortion only affects 
moderately the estimates of recombination (Sail and Nilsson, 1994). In cases 
were severe distortion is present in backcross populations, it has been suggested 
that Bailey's method would be a more consistent and efficient way to estimate 
recombination frequencies (Bailey, 1949; Lorieux et al., 1995). Our result 
showed that estimates of genetic maps based on Bailey's method had the same 
locus order than maps obtained with MAPMAKER. In addition, total map length 
was on average only 1 cM smaller in Bailey's maps. Finally, locus order 
obtained by both methods in this study was the same than those obtained by 
Verde et al. (2002) in Mo17/H99 genotypes. Therefore, we conclude that 
estimates of recombination obtained with MAPMAKER were appropriate and 
therefore there is no evidence that distortion is affecting the analysis of genetic 
recombination in our population. 
Segregation distortion has been previously reported in maize (Williams et 
al., 1995; Tulsieram et al., 1992; Sharopova et al., 2002; Verde et al., 2002a and 
b. chapter land 2 dissertation). Loci that present deviant segregation in 
chromosome 1 of this study are consistent with those observed in other 
experiments that use Mo17/H99 genotypes (Verde et al., 2002 b). In addition, 
this region of chromosome 1 has also been reported as distorted in different 
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genotypes (Sharopova et al., 2002; Casa et al., 2000; Cardinal et al., 2001; 
Verde et al. 2002a, chapter 1 dissertation) suggesting the existence of some type 
of selection mechanism. Genomic regions that exhibit consistent segregation 
distortion in different genotypes have also been reported for other plant species 
(Pennisetum glaucum. Busso et al., 1995; Aegilops tauschii, Paris et al., 1998), 
hut usually it is difficult to pinpoint the cause of the distortion. Different causes 
could generate segregation distortion, such as gametophytic or sporophytic 
selection (Kreike and Stiekema, 1997), and further work is required to determine 
the origin of observed distortion in Mo17/H99 population. However, base on 
severe distortion observed on umc1035, the decrees of the severity of the 
distortion to either said of this locus, and the small effect of distortion on 
recombination estimates, we may suggest that only one gene or genetic factor is 
causing the skewed segregation in this region. 
Our results are consistent with reports from other maize studies that have 
summarized crossover frequency and distribution in different genotypes (Verde et 
al., 2002 a and b, chapter 1 and 2 dissertation). In chromosome 1 of all studies, 
chromatids presenting 1 crossover were the most abundant class wile in 
chromosome 10 the most abundant chromatid class was the one that did not 
have crossovers. On average over the different studies it was observed that 
chromosome 1 had less than 2 crossovers by chromatid and chromosome 10 
less than 1 crossover by chromatid. The extreme consistence in all studies 
supports the idea that observations could be common in maize populations. In 
addition, the number of non-recombinant chromatids was also very similar with 
result obtained in maize (Verde et al., 2002 a and b, chapter 1 and 2 dissertation) 
and in Arabidopsis thaliana (Copenhaver et al., 1998). In this study, on average 
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over the two chromosomes 33% of the chromatides were non-recombinant, while 
32% were non-recombinant in previous maize studies (Verde et al., 2002 a and 
b. chapter 1 and 2 dissertation) and 34% in Arabidopsis (Copenhaver et al., 
1998). It has been suggested that in maize as it occurs in Arabidopsis every 
chromosome recombines at least once (Verde et al., 2002 a, chapter 1 
dissertation). The similarity in the number of parental chromatides observed in 
different maize studies and those in Arabidopsis further suggest that in maize 
every chromosome recombines at least once. As previously observed in 
Mo17/H99 genotypes (Verde et al., 2002 b, chapter 2 dissertation) non-
recombinant chromatids from H99 were preferentially transmitted. 
In summary, no evidence of increase meiotic recombination in response 
stress induced by a defoliation treatment. This could suggest that defoliation may 
not cause a severe stress that put the plant in risk to survive and therefore 
mechanisms that generate genetic variability are not triggered. Other alternative 
could be that plants respond somewhat differently to artificial defoliation, and the 
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Table 1. Occurrence and distribution of crossovers in chromosomes 1 and 10 of six maize 
backcross populations [H99(Mo 17/H99)] from defoliation stress and non-stress treatments. 
Each population consisted of 93 individuals. 
Chromosome 1 
Parameter Stress populations Non-stress populations 
1 2 3 mean 4 5 6 mean 
Chromatids with: 0 crossovers2 16 12 13 14 15 16 15 15 
1 crossovers 39 35 42 39 36 34 41 37 
2 crossovers 27 33 26 29 26 24 28 26 
3 crossovers 10 11 10 10 15 16 7 13 
4 crossovers 0 2 2 2 1 3 1 2 
5 crossovers 0 0 0 0 0 0 0 0 
Total number of crossovers 131 142 132 135 137 142 130 136 
Average crossovers by individual 1.4 1.5 1.5 1.5 1.5 1.5 1.4 1.5 
Crossovers in long armv 70 70 57 66 58 74 71 68 
Crossovers in short armY 61 72 75 69 79 68 59 69 
Adjacent crossovers* 2 2 4 3 4 2 2 3 
Chromosome 10 
Parameter Stress populations Non-stress populations 
1 2 3 mean 4 5 6 mean 
Chromatids with: 0 crossovers2 48 47 45 47 47 46 53 49 
1 crossovers 36 33 38 36 39 37 30 35 
2 crossovers 8 13 9 10 6 10 10 9 
3 crossovers 1 0 1 1 I 0 0 0 
Total number of crossovers 55 59 59 58 54 57 50 54 
Average crossovers by individual" 0.6 0.6 0.6 0.6 0.6 0.6 0.5 0.6 
Crossovers in long armv 30 33 32 32 25 33 32 30 
Crossovers in short armY 25 26 27 26 29 24 18 24 
Adjacent crossovers* 0 2 1 1 1 1 0 1 
z In this study crossovers were detected when alleles at adjacent loci are from different parents. 
Y Arms were defined based on the approximate centromere position (Sharopova et al, 2002). 
x Adjacent crossovers were defined as crossovers appearing in adjacent intervals. This is identified as an 
additional category but is already accounted in the crossover category 
w With the exception of "average crossovers by individual" mean values are rounded. 
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Figure captions 
Fig. 1. Genetic maps of maize chromosomes 1 and 10 for defoliation stress and 
non-stress treatments of six backcross populations of [H99 (Mo17/H99)]. All 
populations, each produced by backcrossing one F1 plant to inbred line H99, had 
93 individuals. Positions of SSR (simple sequence repeats) loci are indicated by 
horizontal lines. Linkage maps of chromosome 1 are based on 17 loci, and maps 
of chromosome 10 on 7 loci. The total length (cM, Haldane) is at the top of the 
respective genetic map. Asterisks indicate loci with segregation distortion (* 0.05 
and ** 0.01 significance level). The approximate location of the centromere (o ) is 
based on published maps (Burr et al., 1988; Maize Genome Data Base). To 
compare treatment means, Fisher's LSD (P=0.05) values for each chromosome 
are presented at the bottom. 
Fig 2. Comparison of pooled linkage maps of chromosomes 1 and 10 of maize 
for defoliation stress and non-stress treatments of six backcross populations [H99 
(Mo17/H99)]. Lower case letters on the left indicate microsatellite loci. The total 
lengths (cM, Haldane) are at the top of the respective genetic map. Length of 
each arm is indicated with brackets at the side of each map. Filled boxes 
indicate significant differences between intervals at 5% level. Asterisks indicate 
loci with segregation distortion (* 0.05 and ** 0.01 significance level). The 
approximate location of the centromere p ) is based on reported maps (Burr et 
al., 1988; Maize Genome Data Base). Fisher's LSD (P= 0.05) values for each 
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GENERAL CONCLUSIONS 
The two stresses analyzed showed a different effect on meiotic 
recombination. Water-stress applied before and during meiosis increased 
recombination frequencies in the two maize genotypes (B73/Mo17 and 
Mo17/H99). Defoliation at V7 stage (seven expanded leafs) did not affect 
recombination frequencies in Mo17/H99 genotype. 
The fact that recombination did not differ in defoliated and control 
treatments suggest that defoliation may not cause a severe stress that situates 
the plant in survival risk. Therefore mechanisms that generate genetic variability 
are not triggered. Another alternative could be that plants respond somewhat 
differently to artificial defoliation, and the appropriate method of wounding the 
plants must be obtained to affect recombination. On the other side many 
conditions lead to water deficit and it is logical that plants have mechanisms to 
mitigate stresses that are encountered repeatedly. For plant species with an 
annual growth habit, production of gametes representing more genetic variation 
would provide important adaptive advantages in stressful environments. 
The increase on recombination on two maize genotypes and the 
resemblance between increments of the stress treatment in each genotype (13% 
in Mo17/H99 and 15% in B73/Mo17) suggest that the increase in meiotic 
recombination is a common genome response to water-deficit stress in maize. In 
addition, the fact that recombination frequencies were analyzed in the longest 
and shortest chromosomes of the maize complement, and increase on 
recombination was observed in both chromosomes of each genotype suggests 
that the increase on recombination is genome-wide. 
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Some genome regions containing deviant segregation ratios are observed 
in the three experiments (long arm of chromosome"!). For each population, the 
observed distortion was most severe in a particular locus and progressively 
decreased at flanking loci. In addition, distorted loci in chromosome 1 were 
always toward the alleles of one parent, in B73/Mo17 toward the donor parent 
alleles (Mo 17) and in Mo17/H99 (defoliation and water-deficit) toward the 
recurrent parent (H99). These results suggest that a single factor in the long arm 
of chromosome 1 may cause the effect. The region with deviant ratios in 
chromosome 1 has also been reported as distorted in B73/Mo17 recombinant 
inbred lines (RIL) (Casa et al., 2000; Sharopova et al., 2002), B73/B52 RIL 
(Cardinal et al., 2001), and B73/De811 F3 lines (Krakowsky, 2002, dissertation). 
The consistent distortion observed the long arm of chromosome 1 of different 
genotypes support the idea that a single genetic factor might be responsible for 
the effect. 
Another interesting point was that in the three studies, non-recombinant 
chromatids from one of the parents were preferentially transmitted, suggesting a 
selective mechanism. In both Mo17/H99 experiments (water-deficit stress and 
defoliation stress) non-recombinant chromatides from the recurrent parent (H99) 
were preferentially transmitted, while in B73/Mo17 genotype (water-deficit stress 
experiment) the non-recombinant chromatids from the donor parent (Mo17) were 
the ones preferentially transmitted. 
Observed results introduce further evidence that supports the hypothesis 
that genetic recombination is modulated by environmental factors (Korol et al., 
1994; Parsons, 1988). Furthermore, it highlights the evolutionary importance of 
meiotic recombination, since genetic changes are subjected to selection in the 
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next generation. Therefore, the environment could affect natural populations by 
selecting individuals with genetic advantages for the present conditions, and by 
increasing the genetic variability available for selection. In addition, 
recombination permits mutations to be independent from the background that 
they originate (Rice and Chippindale, 2001 ). This occurs because recombination 
reshuffles the genome creating new combinations of alleles in each chromosome. 
Therefore, increase on genetic recombination will make mutations independent 
from the background faster, increasing the chances for favorable mutation to 
persist in the population. 
The possibility to manage recombination frequencies has practical 
implications for genetic studies and breeding strategies: improving resolution of 
genetic maps, accelerating traditional backcross schemes, fixing genotypes, or 




Table 1: Mean values and statistical analysis for Photosynthesis rate, 
Transpiration rate, Stomatal Conductance, and Co2 exchange for maize plants of 
B73/M017 genotype exposed to stress and Non-stress treatments. 
TreatmentA 
Photosynthesis Rate # 
Mean F value P > F 
Stress 9.05 144.5 0.0001 
Non-Stress 20.72 
Stomatal Conductance t 
Mean F value P > F 
Stress 0.24 100.06 0.0001 
Non-Stress 0.59 
Transpiration Rate t 
Mean F value P > F 
Stress 0.0028 61.2 0.0001 
Non-Stress 0.0063 
Co2 exchange* 
Mean F value P > F 
Stress 354.59 24.04 0.0001 
Non-Stress 348.91 
^Treatments: stress treatment plants were grown at 25% field capacity, Non-
Stress treatments plants were grown at field capacity; # = means are expressed 
in (pmol Co2 / m2 seg); $ = means are expressed in (cm/s); t = means are 
expressed in mmol/ m2 seg; * means are expressed in (ppm) 
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Table 2: Mean values and statistical analysis for flowering date, Plant height, 
Length of 3rd intemode, Ear height, and Total weight for maize plants (B73/Mo17 
genotype) exposed to stress and Non-stress treatments. 
Treatment 
Flowering Date $ 
Mean F value P > F  
Stress 72.70 41.03 0.0001 
Non-Stress 63.25 
Plant Hleght * 
Mean F value P > F 
Stress 1.86 46.04 0.0001 
Non-Stress 2.62 
Length of 3rd Intemode * 
Mean F value P > F 
Stress 6.55 36.53 0.0001 
Non-Stress 10.70 
Ear hight * 
Mean F value P > F 
Stress 0.55 31.54 0.0001 
Non-Stress 0.96 
Total weigt# 
Mean F value P > F 
Stress 0.44 1.39 0.27 
Non-Stress 0.56 
$ = Days between planting and 50% anthesis, * = measures are in centimeters, # 
=measures are in grams 
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Table 3: Mean values and statistical analysis for flowering date, Plant height, 
Length of 3rd intemode, and Ear height for maize plants (genotype Mo17/H99) 
exposed to water deficit stress and control treatments. 
Treatment 
Flowering Date $ 
Mean T value P > F 
Stress 75 10.73 9E-07 
Control 63 
Plant Hieght * 
Mean T value P > F 
Stress 153 5.0E+06 5.9E-10 
Control 215 
Length of 3rd intemodee 
Mean T value P > F 
Stress 3.62 5.0E+06 3.2E-12 
Control 12.31 
Ear Hieght * 
Mean T value P > F 
Stress 32 5.0E+06 5.47E-13 
Control 74 
$ = Days between planting and 50% anthesis, * = measures are in centimeters, # 
=measures are in grams 
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Table 4: Mean values and statistical analysis for flowering date, Plant height, 
Length of 3rd intemode, and Ear height for maize plants (genotype Mo17/H99) 




Flowering Date $ 







Plant Hieght * 






Length of 3rd intemode * 









Ear Hieght * 
T value 
0.93 
P > F 
0.37 
$ = Days between planting and 50% anthesis, * = measures are in centimeters, # 
=measures are in grams 
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Table 5: Observed segregation ratios in B73/Mo17 populations 1, 2, and 3 of the 
water-deficit treatment Deviations from the expected 1:1 ratio are tested in 
combined data sets using a Chi-square test 
Populations 
1 2 3 Combinée data sets 
Observed Observed Observed Observed Expected 
Loci B H B H B H B H B H X' 
*umc1071 48 45 47 46 47 45 142 136 139 139 0.719 
*bnlg1429 43 50 50 42 49 43 142 135 139 139 0.674 
*bnlg1953 43 50 53 40 46 46 142 136 139 139 0.719 
*bnlg439 45 48 55 38 47 45 147 131 139 139 0.337 
ephi001 46 47 - - 47 45 93 92 92.5 92.5 0.941 
*bnlg1811 45 47 47 44 45 47 137 138 138 138 0.952 
eumc1395 45 46 48 45 40 52 133 143 138 138 0.547 
*bnlg1598 47 46 - - 38 54 85 100 92.5 92.5 0.27 
*bnlg1057 48 45 45 48 38 54 131 147 139 139 0.337 
*umc1035 47 46 - - 39 53 86 99 92.5 92.5 0.339 
*bnlg1025 41 52 - - 34 58 75 110 92.5 92.5 0.01 
*phi037 35 58 28 65 33 59 96 182 139 139 2E-07 
*phi094 33 60 27 66 40 52 100 178 139 139 3E-06 
*bnlg1671 36 57 34 59 42 51 112 167 140 140 1E-03 
*phi1055 41 52 43 50 45 48 129 150 140 140 0.209 
ephi064 41 52 45 48 47 46 133 146 140 140 0.436 
*umc1380 41 52 30 63 56 37 127 152 140 140 0.134 
ephi041 43 50 28 65 55 38 126 153 140 140 0.106 
*umc1152 40 53 21 72 50 43 111 168 140 140 6E-04 
*phi059 42 51 12 81 45 48 99 180 140 140 1E-06 
*phi054 47 46 16 77 37 56 100 179 140 140 2E-06 
*umc1077 48 45 17 76 39 54 104 175 140 140 2E-05 
*bnlg1250 48 45 25 68 40 53 113 166 140 140 0.002 
*phi035 46 47 30 63 39 54 115 164 140 140 0.003 
wumc1084 48 45 49 44 43 50 140 139 140 140 0.952 
H= Heterozygous locus (B73/Mo17); B= Homozygous locus (B73/B73); X2 = 
Pearson's chi-square 
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Table 6: Observed segregation ratios in B73/Mo17 populations 4, 5, and 6 of the 
non-stress treatment. Deviations from the expected 1:1 ratio are tested in 
combined data sets using a Chi-square test 
Populations 
4 5 6 Combined data sets 
Observed Observed Observed Observed Expected 
Loci B H B H B H B H B H X' 
*umc1071 45 48 42 51 50 43 137 142 140 140 0.765 
*bnlg1429 38 53 40 53 49 44 127 150 139 139 0.167 
*bnlg1953 39 54 41 52 46 47 126 153 140 140 0.106 
*bnlg439 37 56 37 56 40 53 114 165 140 140 0.002 
*phi001 - - - - 40 53 71 115 93 93 0.001 
*bnlg1811 32 58 31 62 38 54 99 174 137 137 6E-06 
*umc1395 35 58 29 62 36 57 101 178 140 140 4E-06 
wbnlg1598 - - 30 63 33 60 61 125 93 93 3E-06 
*bnlg1057 36 55 28 65 33 60 98 178 138 138 1E-06 
*umc1035 - - 29 63 34 59 57 129 93 93 1E-07 
*bnlg1025 - - 23 70 31 62 51 135 93 93 7E-10 
*phi037 33 59 20 73 28 65 83 195 139 139 2E-11 
*phi094 32 60 22 71 30 63 89 189 139 139 2E-09 
*bnlg1671 36 57 27 66 30 63 101 178 140 140 4E-06 
•phi 1055 35 58 35 58 36 57 110 169 140 140 4E-04 
*phi064 33 58 39 54 39 54 121 156 139 139 0.035 
*umc1380 37 56 49 44 51 42 137 142 140 140 0.765 
*phi041 35 58 51 42 49 44 135 144 140 140 0.59 
*umc1152 43 50 52 41 48 45 143 136 140 140 0.675 
*phi059 46 47 56 37 46 47 148 131 140 140 0.309 
*phi054 46 47 52 41 42 51 140 139 140 140 0.952 
*umc1077 47 46 52 41 43 50 142 137 140 140 0.765 
*bnlg1250 47 41 49 44 44 49 140 134 137 137 0.717 
*phi035 50 43 50 43 49 44 149 130 140 140 0.255 
eumc1084 52 41 55 38 47 46 154 125 140 140 0.083 
H= Heterozygous locus (B73/Mo17); B= Homozygous locus (B73/B73); X2 = 
Pearson's chi-square 
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Table 7: Observed segregation ratios in Mo17/H99 populations 1,2, and 3 of the 
water-deficit stress treatment. Deviations from the expected 1:1 ratio are tested in 
combined data sets using a Chi-square test 
Populations 
1 2 3 Combined data sets 
Observed Observed Observed Observed Expected 
Loci B H B H B H B H B H X' 
*umc1071 48 45 45 48 44 49 137 142 140 140 0.765 
*phi427913 47 46 44 48 42 51 133 145 139 139 0.472 
*bnlg1429 53 40 43 50 43 50 139 140 140 140 0.952 
*bnlg1953 50 43 40 53 46 47 136 143 140 140 0.675 
*bnlg439 49 43 45 48 46 47 140 138 139 139 0.905 
*phi109275 52 41 45 48 48 45 145 134 140 140 0.51 
*umc1917 53 40 46 47 48 45 147 132 140 140 0.369 
wumc1689 55 38 51 42 43 49 149 129 139 139 0.23 
*bnlg1598 57 36 51 42 40 53 148 131 140 140 0.309 
*umc1035 60 33 53 40 41 52 154 125 140 140 0.083 
*bnlg1278 54 39 49 44 43 50 146 133 140 140 0.436 
*bnlg1025 51 42 50 43 43 50 144 135 140 140 0.59 
*phi037 50 43 53 40 45 48 148 131 140 140 0.309 
*phi094 48 45 51 42 56 37 155 124 140 140 0.063 
*phi1671 45 48 53 40 54 39 152 127 140 140 0.134 
*bnlg1421 43 50 48 45 52 41 143 136 140 140 0.675 
*bnlg1055 42 51 50 43 48 45 140 139 140 140 0.952 
*umc2018 44 49 54 39 50 43 148 131 140 140 0.309 
*phi059 45 48 55 38 50 43 150 129 140 140 0.209 
*phi050 48 45 56 37 53 40 157 122 140 140 0.036 
*umc1077 49 44 55 38 54 39 158 121 140 140 0.027 
*umc1506 50 43 53 40 52 41 155 124 140 140 0.063 
*umc2122 51 42 48 45 50 43 149 130 140 140 0.255 
*umc1084 51 42 38 55 51 42 140 139 140 140 0.952 
H= Heterozygous locus (Mo17/H99); B= Homozygous locus (H99/H99); X2 = 
Pearson's chi-square 
118 
Table 8: Observed segregation ratios in Moi 7/H99 populations 4, 5, and 6 of the 
control treatment (defoliation and water stress experiments). Deviations from the 
expected 1:1 ratio are tested in combined data sets using a Chi-square test 
Populations 
4 5 6 Combined data sets 
Observed Observed Observed Observed Expected 
Loci B H B H B H B H B H X' 
*umc1071 56 37 55 38 50 43 161 118 140 140 0.01 
*phi427913 51 42 52 41 51 42 154 125 140 140 0.083 
*bnlg1429 47 46 48 45 53 39 148 130 139 139 0.28 
*bnlg1953 51 42 47 46 53 40 151 128 140 140 0.169 
*bnlg439 48 45 49 44 56 36 153 125 139 139 0.093 
*phi109275 48 45 50 43 58 35 156 123 140 140 0.048 
*umc1917 50 43 50 43 55 37 155 123 139 139 0.055 
*umc1689 54 39 57 36 57 36 168 111 140 140 6E-04 
*bnlg1598 55 38 57 36 57 36 169 110 140 140 4E-04 
*umc1035 54 39 58 35 60 33 172 107 140 140 1E-04 
ebnlg1278 53 40 58 34 55 38 166 112 139 139 0.001 
*bnlg1025 53 40 56 37 55 38 164 115 140 140 0.003 
*phi037 50 43 50 43 58 35 158 121 140 140 0.027 
*phi094 45 48 49 44 55 38 149 130 140 140 0.255 
*phi1671 45 48 52 41 53 39 150 128 139 139 0.187 
ebnlg1421 48 45 48 45 55 37 151 127 139 139 0.15 
*bnlg1055 47 46 45 48 54 38 146 132 139 139 0.401 
*umc2018 45 45 49 44 47 46 141 135 138 138 0.718 
*phi059 47 46 45 48 46 47 138 141 140 140 0.857 
*phi050 56 37 49 44 48 45 153 126 140 140 0.106 
*umc1077 55 38 49 44 49 44 153 126 140 140 0.106 
*umc1506 56 37 50 43 45 48 151 128 140 140 0.169 
*umc2122 51 42 47 46 44 49 142 137 140 140 0.765 
*umc1084 52 41 48 451 45 48 145 134 140 140 0.51 
H= Heterozygous locus (Mo17/H99); B= Homozygous locus (H99/H99); X2 = 
Pearson's chi-square 
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Table 9: Observed segregation ratios in Mo17/H99 populations 1,2, and 3 of the 
defoliation treatment. Deviations from the expected 1:1 ratio are tested in 
combined data sets using a Chi-square test 
Populations 
1 2 3 Combined data sets 
Observed Observed Observed Observed Expected 
Loci B H B H B H B H B H X' 
*umc1071 50 43 44 49 51 42 145 134 140 140 0.51 
*phi427913 50 43 44 49 50 43 144 135 140 140 0.59 
*bnlg1429 46 47 46 47 51 42 143 136 140 140 0.675 
*bnlg1953 49 44 49 44 50 43 148 131 140 140 0.309 
*bnlg439 52 40 48 45 48 45 148 130 139 139 0.28 
*phi109275 51 42 52 41 49 44 152 127 140 140 0.134 
*umc1917 50 43 52 41 52 40 154 124 139 139 0.072 
*umc1689 51 42 51 42 64 29 166 113 140 140 0.002 
*bnlg1598 50 43 54 39 65 28 169 110 140 140 4E-04 
*umc1035 49 43 52 41 64 29 165 113 139 139 0.002 
*bnlg1278 46 47 55 38 58 35 159 120 140 140 0.02 
ebnlg1025 47 46 54 39 57 36 158 121 140 140 0.027 
*phi037 47 46 54 39 55 37 156 122 139 139 0.041 
*phi094 47 46 48 45 52 41 147 132 140 140 0.369 
ephi 1671 48 45 46 47 50 43 144 135 140 140 0.59 
*bnlg1421 43 50 46 47 46 47 135 144 140 140 0.59 
*bnlg1055 38 55 42 51 45 48 125 154 140 140 0.083 
*umc2018 47 46 52 41 50 43 149 130 140 140 0.255 
*phi059 49 44 52 41 54 39 155 124 140 140 0.063 
*phi050 47 46 57 36 49 44 153 126 140 140 0.106 
eumc1077 48 44 56 37 51 42 155 123 139 139 0.055 
*umc1506 48 45 53 40 50 43 151 128 140 140 0.169 
*umc2122 50 43 59 34 46 47 155 124 140 140 0.063 
*umc1084 52 40 55 38 49 44 156 122 139 139 0.041 
H= Heterozygous locus (Mo17/H99); B= Homozygous locus (H99/H99); X2 = 
Pearson's chi-square 
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Table 10: Comparison of map length between treatments (water-deficit stress 
and non-Stress) of genotype B73/Mo17. Student's t-test is used for the analysis 
and probabilities are those of the one-tail distributions. 
Chromosome Treatment Population Map length (cM) Treatmen mean t- value P>t 
Water-deficit 1 170 175 6.346 0.003 ** 
stress 2 182 (25% FC) 
173 1 3 
4 145 151 
Non-stress 
(FC) 5 157 
6 152 
Water-deficit 1 83 84 5.515 0.005 ** 
stress 2 83 (25% FC) 
87 10 3 
4 70 73 
Non-stress 
(FC) 5 73 
6 77 
Water-deficit 1 253 259 7.012 0.002 ** 
stress 2 265 (25% FC) 
260 1 and 10 3 
4 215 225 
Non-stress 
(FC) 5 230 
6 229 
cM= centiMorgans; ns = no significant; " significant at 0.01 ; * significant at 0.05; 
FC = field capacity) 
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Table 11 : Comparison of map length between treatments (water-deficit stress 
and control) of genotype Mo17/H99. Students t-test is used for the analysis and 
probabilities are those of the one-tail distributions. 

























































cM= centiMorgans; ns = no significant; " significant at 0.01 ; * significant at 0.05; 
FC = field capacity) 
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Table 12: Comparison of map length between treatments (defoliation stress and 
control) of genotype Mo17/H99. Student's t-test is used for the analysis and 
probabilities are those of the one-tail distributions. 































1.671 0.170 ns 

















0.972 0.386 " 
cM= centiMorgans; ns = no significant; " significant at 0.01; * significant at 0.05; 
Table 13: Log-likelihood test (G-test) for homogeneity of multilocus map distance within populations of each treatment (Water-
deficit stress and non-stress) in chromosomes 1 and 10 (genotype B73/Mo17). 
Chromosome Treatment Populations Log-likelihod 
population 1 population I population J pooled data u-vaiue 
Stress (25% FC) -207 7 -194 4 -214.9 -623 5 29.9 ns 
population 4 population 5 population 6 
Non-stress (FC) -180.54 -195.2 -196.36 -579.86 35.7ns 
population i population population J 
Stress (25% FC) -115.47 -119 19 -119.5 -358 45 19.75 ns 
population 4 population 5 population 6 
Non-stress (FC) -108.54 -112 25 -122.72 -345.8 10.55 ns 
G = Likelihood ratio statistic; FC= field capacity, ns = no significant; * significant at 5%, Log-likelihood's are estimated by 
MAPMAKER (Lander et al., 1987). 
Table 14: Log-likelihood test (G-test) for homogeneity of multilocus map distance v/ithin populations of each treatment (Water-
deficit stress and controls) in chromosomes 1 and 10 (genotype Mo17/H99). 
Chromosome Treatment Populations Log-likellhod 
population i population z population J pooiea aaia u-vaiue 
Stress (25% FC) -223 99 -218 33 -216 8 -663 2 18.7 ns 
1 population 4 population 5 population 6 
Control -219.43 -218.02 -201.58 -648.46 43.4 ns 
population i population z population j 
Stress (25% FC) -104.98 -109.96 -114.9 -331.72 8.6 ns 
10 population 4 population 5 population 6 
Control -99.71 -101.91 -97.6 -301.49 10.45 ns 
G = Likelihood ratio statistic; FC= field capacity, ns = no significant; * significant at 5%, Log-likelihood's are estimated by 
MAPMAKER (Lander et al., 1987). 
Table 15: Log-likelihood test (G-test) for homogeneity of multilocus map distance within populations of each treatment 

































-313.6 6.3 ns 
Control -99.71 -101.91 -97.6 -301.49 10.45 ns 
G = Likelihood ratio statistic; FC= field capacity, ns = no significant; * significant at 5%, Log-likelihood's are estimated by 
MAPMAKER (Lander et al., 1987) 
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Table 16: Distance between adjacent loci and total map distance (cM) of 





1 umcl071 19.5 cM 
2 bnlgl429 6.9 cM 
3 bnlgl953 14.9 cM 
4 bnlg439 1.1 cM 
5 phiOOl 13.5 cM 
6 bnlglSl 1 8.2 cM 
7 UMC1395 5.7 cM 
8 bnlgl598 5.7 cM 
9 Bnlgl057 1.1 cM 
10 UMC1035 28.1 cM 
11 bnlgl025 6.9 cM 
12 phi037 17.9 cM 
13 phi094 10.8 cM 
14 bnlgl671 22.8 cM 






1 umcl071 14.4 cM 
2 bnlgl429 73 cM 
3 bnlgl953 14.9 cM 
4 bnlg439 12.1 cM 
5 bnlglSll 10.8 cM 
6 bnlgl395 5.7 cM 
7 bngll057 48.9 cM 
8 bnlg037 13.5 cM 
9 phi094 19.5 cM 
10 bnlgl671 13.5 cM 






1 umcl071 17.9 cM 
2 bnlgl429 10.8 cM 
3 bnlgl953 13.5 cM 
4 bnlg439 22 cM 
5 phiOOl 12.1 cM 
6 bnlglSll 13.5 cM 
7 umcl395 12.1 cM 
8 bnlgl598 0.0 cM 
9 bngll057 5.7 cM 
10 umc!035 19.5 cM 
11 bnlgl025 33 cM 
12 phi037 16.4 cM 
13 phi094 14.9 cM 
14 bnlgl671 16.4 cM 


















1 umcl380 22 cM 
2 phi041 10.8 cM 
3 umcll52 10.8 cM 
4 phi059 9.4 cM 
5 phi054 1.1 cM 
6 umcl077 12.1 cM 
7 bnlgl250 10.8 cM 






1 umcl380 1.1 cM 
2 phi041 19.5 cM 
3 umel 152 5.7 cM 
4 phi059 21.1 cM 
5 phi054 22 cM 
6 umcl077 82 cM 
7 bnlgl250 8.2 cM 
8 phi035 21.1 cM 
9 umc 1084 
86.9 cM 
1 umc 1380 
2 phi041 






9 umc 1084 
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Table 17: Distance between adjacent loci and total map distance (cM) of 





1 umc 1071 17.9 cM 
2 bnlgl429 4.5 cM 
3 bnlgl953 12.1 cM 
4 bnlg439 14.5 cM 
5 bnlglSll 7.4 cM 
6 bnlgl395 10.8 cM 
7 bngll057 15.0 cM 
8 bnlg037 22.1 cM 
9 phi094 14.0 cM 
10 bnlgl671 19.5 cM 






1 umc1071 24.5 cM 
2 bnlgl429 5.7 cM 
3 bnlgl953 12.1 cM 
4 bnlg439 9.4 cM 
5 bnlglSll 6.9cM 
6 umcl395 5.7 cM 
7 bnlgl598 3.3 cM 
9 umc1035 24.5 cM 
10 bnlgl025 5.7 cM 
11 phi037 12.1 cM 
12 phi094 10.8 cM 
13 bngll671 12.1 cM 






1 umc 1071 16.4 cM 
2 bnlgl429 13.5 cM 
3 bnlgl953 24.5 cM 
4 bnlg439 2.2 cM 
5 phiOOl 6.9 cM 
6 bnlglSll 9.4 cM 
7 UMC 1395 8.2 cM 
8 bnlgl598 0.0 cM 
9 bngll057 1.1 cM 
10 UMC 1035 16.4 cM 
11 bnlgl025 10.8 cM 
12 phi037 12.1 cM 
13 phi094 4.5 cM 
14 bnlgl671 12.1 cM 






1 umcl 380 2.2 cM 
2 phi041 24.5 cM 
3 umcl 152 5.7 cM 
4 phi059 6.9 cM 
5 phi054 3.3 cM 
6 umc 1077 4.9 cM 
7 bnlgl250 10.4 cM 
8 phi035 12.1 cM 





1 umcl380 2.2 cM 
2 phi041 19.5 cM 
3 umcl 152 9.4 cM 
4 phi059 9.4 cM 
5 phi054 0.0 cM 
6 umcl 077 10.8 cM 
7 bnlgl250 10.8 cM 






1 umcl380 22. cM 
2 phi041 10.8 cM 
3 umcl 15 14.9 cM 
4 phi059 12.1 cM 
5 phi054 5.7 cM 
6 umcl077 10.8 cM 
7 bnlgl250 8.2 cM 




Table 18: Distance between adjacent loci and total map distance (cM) of 
chromosomes 1 and 10 of control populations 4, 5 and 6 of defoliation and water-
deficit experiments of genotype Mo17/H99. 
Chromosome 1 
Map population 1 
Markers Distance 
1 umcl071 13.5 cM 
2 phi42791 6.9 cM 
3 bnlgl429 12.1 cM 
4 bnlgl953 10.8 cM 
5 bnlg439 9.4 cM 
6 phil0927 9.4 cM 
7 umcl917 17.9 cM 
8 umc 1689 16.4 cM 
9 bnlgl598 3.3 cM 
10 umcl035 16.4 cM 
11 ul278 4.5 cM 
12 bnlgl025 3.3 cM 
13 phi037 16.4 cM 
14 phi094 4.5 cM 
15 phi 1671 16.4 cM 




Map population 1 : 
Markers Distance 
18 umc20I8 12.6 cM 
19 phi059 16.4 cM 
20 Phi050 3.3 cM 
21 umc1077 5.7 cM 
22 umc1506 10.8 cM 
23 umc2122 13.5 cM 
24 umc 1084 
62.2 cM 
Chromosome 1 
Map population 2: 
Markers Distance 
1 umcl071 10.8 cM 
2 phi42791 12.1 cM 
3 bnlgl429 3.3 cM 
4 bnlgl953 12.1 cM 
5 bnlg439 3.3 cM 
6 phil0927 6.9 cM 
7 umcl917 26.3 cM 
8 umc 1689 9.4 cM 
9 bnlgl598 2.2 cM 
10 umc 1035 28.2 cM 
11 bnlgl278 8.2 cM 
12 bnlgl025 9.4 cM 
13 phi037 5.7 cM 
14 phi094 10.8 cM 
15 phi 1671 21.1 cM 




Map population 2: 
18 umc2018 14.9 cM 
19 phi059 14.9 cM 
20 Phi050 0.0 cM 
21 umc1077 8.2 cM 
22 umcl 506 10.8 cM 
23 umc2I22 22.8 cM 
24 umcl 084 
71.6 cM 
Chromosome 1 
Map population 2: 
Markers Distance 
1 umcl071 8.2 cM 
2 phi42791 10.8 cM 
3 bnlgl429 3.3 cM 
4 bnlgl953 12.1 cM 
5 bnlg439 5.7 cM 
6 phi10927 6.9 cM 
7 umcl 917 3.3 cM 
8 umc 1689 12.1 cM 
9 bnlgl598 5.7 cM 
10 umcl035 22.8 cM 
11 ul278 4.5 cM 
12 bnlgl025 5.7 cM 
13 phi037 22.8 cM 
14 phi094 8.2 cM 
15 phi 1671 12.3 cM 








21 umc 1077 
22 umcl506 
23 umc2122 









Table 19: Distance between adjacent loci and total map distance (cM) of 





1 umcl071 5.7 cM 
2 phi42791 14.9 cM 
3 bnlgl429 10.8 cM 
4 bnlgl953 14.4 cM 
5 bnlg439 7.3 cM 
6 phi10927 3.3 cM 
7 umcl 917 12.1 cM 
8 umc 1689 21.1 cM 
9 bnlgl598 3.3 cM 
10 bnlgl035 17.9 cM 
11 bnlgl278 3.3 cM 
12 umcl025 3J cM 
13 phi037 14.9 cM 
14 phi094 19.5 cM 
15 phil671 24.5 cM 






1 umc 1071 5.7 cM 
2 phi42791 16.4 cM 
3 bnlgl429 3.3 cM 
4 bnlgl953 13.5 cM 
5 bnlg439 4.5 cM 
6 phi10927 3.3 cM 
7 umcl917 19.5cM 
8 umc1689 17.9 cM 
9 bnlgl598 9.4 cM 
10 bnlgl035 17.9 cM 
11 ul278 3.3 cM 
12 umcl025 3.3 cM 
13 phi037 9.4 cM 
14 phi094 21.1 cM 
15 phil671 22.8 cM 






1 umcl071 2.2 cM 
2 phi42791 16.4 cM 
3 bnlgl429 13.5 cM 
4 bnlgl953 12.1 cM 
5 bnlg439 4.5 cM 
6 phil0927 2.2 cM 
7 umcl 917 19.5 cM 
8 umcl689 10.8 cM 
9 bnlgl598 5.7 cM 
10 umcl035 17.9 cM 
11 umcl 278 4.5 cM 
12 bnlgl025 4.5 cM 
13 phi037 19.5 cM 
14 phi094 9.4 cM 
15 phil671 28.1 cM 






18 umc2018 8.2 cM 
19 phi059 26.3 cM 
20 PhiOSO 1.1 cM 
21 umc1077 5.7 cM 
22 umcl 506 16.4 cM 






18 umc2018 10.8 cM 
19 phi059 30.0 cM 
20 PhiOSO 3.3 cM 
21 umc1077 9.4 cM 
22 umcl506 10.8 cM 






18 umc2018 14.9 cM 
19 phi059 22.8 cM 
20 PhiOSO 1.1 cM 
21 umcl 077 14.9 cM 
22 umcl506 12.1 cM 




Table 20: Distance between adjacent loci and total map distance (cM) of 





1 umcl071 6.9 cM 
2 phi42791 14.9 cM 
3 bnlgl429 5.7 cM 
4 bnlgl953 11.7 cM 
5 bnlg439 4.8 cM 
6 phi10927 8.2 cM 
7 umcl917 10.8 cM 
8 umcl689 82 cM 
9 bnlgl598 8.2 cM 
10 umc1035 13.5 cM 
11 bnlgl278 5.7 cM 
12 bnlgl025 4.5 cM 
13 phi037 9.4 cM 
14 phi094 10.8 cM 
15 phi 1671 22.8 cM 






1 umcl071 12.1 cM 
2 phi42791 17.9 cM 
3 bnlgl429 8.2 cM 
4 bnlgl953 19.5 cM 
5 bnlg439 4.5 cM 
6 phil0927 4.5 cM 
7 umcl917 13.5 cM 
8 umcl689 8.2 cM 
9 bnlgl598 14.9 cM 
10 umcl035 13.5 cM 
11 bnlgl278 1.1 cM 
12 bnlgl025 6.9 cM 
13 phi037 21.1 cM 
14 phi094 12.1 cM 
15 phi 1671 12.1 cM 






1 umcl 071 82 cM 
2 phi42791 19.5cM 
3 bnlgl429 8.2 cM 
4 bnlgl953 9.4 cM 
5 bnlg439 3.3 cM 
6 phi10927 11.2cM 
7 umcl917 20.5 cM 
8 umcl689 10.8 cM 
9 bnlgl598 5.7 cM 
10 umcl035 21.1 cM 
11 bnlgl278 3.3 cM 
12 bnlgl025 3.6 cM 
13 phi037 11.8 cM 
14 phi094 6.9 cM 
15 phil671 12.1 cM 






18 umc2018 9.4 cM 
19 phi059 17.9 cM 
20 PhiOSO 2.2 cM 
21 umc1077 8.2 cM 
22 umc1506 6.9 cM 






18 umc2018 12.1 cM 
19 phi059 19.5 cM 
20 PhiOSO 1.1 cM 
21 umc1077 10.8 cM 
22 umc1506 14.9 cM 






18 umc2018 17.9 cM 
19 phi059 13.5 cM 
20 PhiOSO 2.2 cM 
21 umc1077 10.8 cM 
22 umcl 506 12.1 cM 




Figure 1. Comparison of MAPMAKER estimates of recombination distances (classical 
distances) and distances estimated with Bailey's method in pooled linkage maps of 
chromosomes 1 for water stress and control treatments of backcross populations of [H99 
(Mol7/H99)J. Lower case letters on the right indicate microsatellite loci. Distance in 
centimorgans (cM, Haldane) between adjacent loci is indicated on the left of the linkage 
maps. The total lengths (cM, Haldane) are at the top of the respective genetic map. 
Asterisks indicate loci with segregation distortion (* 0.05, ** 0.01, *** 0.001, and **** 
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Figure 2. Comparison of MAPMAKER estimates of recombination distances (classical 
distances) and distances estimated with Bailey's method in pooled linkage maps of 
chromosomes I for defoliation stress and control treatments of backcross populations of 
[H99 (Mol7/H99)]. Lower case letters on the right indicate microsatellite loci. Distance 
in centimorgans (cM, Haldane) between adjacent loci is indicated on the left of the 
linkage maps. The total lengths (cM, Haldane) are at the top of the respective genetic 
map. Asterisks indicate loci with segregation distortion (* 0.05, ** 0.01, *** 0.001, and 
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Table 1: Segregation data for chromosome 1 of Stress population 1 of B73/Mo17 genotype. 
Primer — 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 
'umc 1071 0 H H B ti H ti ti H ti ti ti ti H ti H ti H B H H H H H H H ti ti H H ti ti H H ti H ti B H H H ti H H H H ti H H 
•bnlg1429 B H H B B H H B H B B H B H B H B H B H H H H H B B B B H H H B H H B H B H H H H B H B H H B H H 
•bnlg1953 B H H B B H H B H B B H B H B H B H H H H H H H B B B B H H H B H H B H B H B H H B H B H H B h H 
"bnlg439 B B H B B H H B B B B H B H H H B H B B H H H H B H B H H H H B H H H B B H B H H B H B H H B H H 
•phiOOl B B H B B H H B B B B H B H H H B H B B II II H H B H B H H H H B H H H B B H B H H B H B H II B B H 
•bnlg1811 B B B B B H H B B B H H B H H H H B B B B H H H B H B H H H H B H H B B B H B H H B H B H H B H H 
•umc1395 B H B H • H B B B H H B H H H H B B B B H H H B H H H H B B B H H B B B H B H H B H B H H B H H 
•bnlg1598 B H B h B h H B B B H H B H H H H B B B B H H H H H H H H B B B H B B B B H B H H B H B H H B H H 
•bngl1057 B B B H B H H B B B H H B H H H H B B B B H H H B H H B H B B B H B B B B H B H H B H B H H B H H 
*umcl035 B B B H B H H B B B H H B H H H H B B B B H H H B H H B H B B B H B B B B H B H H B h B H H H H H 
*bnlg1025 B B B B B H H B H B H H B B H h B B H B B B H H B H H B H B B H H B B B H H H H H H H B H H H H H 
*ph!037 B B B B B H H B H B H H H B H H B H H B H B H H B H H B H B B H H B H B H H h H H H H B H H H h H 
*ph!094 B B B B B h H H H H H H H B B H B H B B H B H H B B H B H B H H H H H B H B H H h H H H H h H h H 
•bnlg167l B B B H H H H H H H H B H B B H B H B B B B H H B B B B H B B H H H H B H B H H H H H H H H H H H 
*bnlg1055 B H B H B h H H H H H B H H B H B H H B B B H H B H B H B B B H H H B B B B H H H H H H H H H H B 
*phi064 B H B H B H H H H H H B H H B H B H H B B H H H B H B H B H B H H H B B B B H H H h H H B H h B B 
50 51 52 53 54 55 56 57 56 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 
*umc1071 B B B H H H ti ti ti ti H ti ti H H ti H H H ti H ti ti ti H ti ti ti H H ti ti ti H H ti B ti H ti H ti ti ti 
•bnlg1429 B B B H H H B B H H H B B H H B H H H B B B B B H B H H H H B B B H H B B B B H H B B H 
"bnlg1953 B B B H H H B B H H H B B H H B H B H B H B B B H B H H H H B B H H H B B B B H B B B H 
•bnlg439 B B B H H H B B H H H B B H H B H B H B B H B B H B H H H B B B H H H B B B B H B B B H 
•phlOOl B B B H H H B B H H H B B H H B H B H B B H B B H B H H H B B B H H H B B B B H B B B H 
*bnlg18ll B B H H H H B B H - H B B H H H H B H B B H B B H B H B H B H B H H H B B B B H B B B H 
•umcl395 B B H H H H B B H H H B B H H H H B H B B B B B H B H B H B H B H H B B B B B H B B B H 
•bnlgi598 B B H B H H B B H H H B H H H H H B H B B B B B H B H B H B H B H h B B B B B H B B B B 
•bngl1057 B B H B H h B B H H H B H H H H h B H B B B B B H H H B H B H H H H B B B B B H B B B B 
*umc1035 B B H B H H B B H H H B H H H H H B H B B B B B H H H B H B H H H H B B B B B H B B B B 
•bnlg1025 B B H B H H B H H H H B B H H H H B H H H B H B H H B B H H H H H h H B B B B B B H B B 
•phi037 B B H B H H B H H H H B B H H H H B H H H B H B H H B B H H H H H H H H B B B B B H H B 
*phl094 B B H B H h B H H H H H B H H H H H M H H B H B H B B H B H H H H H H H B B B B B H H B 
"bnlg1671 B B H B H H B H H H H H 8 H H H H B H H H B H B H B B H H H H H H H H B B B B B B H H B 
•bnlg1055 B B H B H H B B H H B H B H H H H B H H H B H B B B B H H H B H B B H B B B B B h H H B 
*phl064 B B H B H H B B H B B H B H H H H B H H H H H B B B B H H H B H B B H B B B B B H H H B 
Table 2: Segregation data for chromosome 10 of Stress population 1 of B73/Mo17 genotype 
"-~^Sample 
Primer"—— 1 2 3 4 5 6 7 B 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 
'umc13BO H H ti ti ti H ti ti H ti H ti ti ti H H H ti B ti ti ti H H H H 8 H H ti ti H H H ti ti H B ti ti H H ti H ti ti ti H ti 
•phi041 H H B B B H B B H B H B B B H H H B B B B B H H H H B H H B B H H H B B H B B B H H B H B B B H B 
"umc1152 B H B B B H B H H B H H B H H H B B B B B H B H H H B H B B B H H H B H H B B B H H B H H B B b B 
*phi059 B H B B B H H H H B H H B H H H B B B B B H B H H B B H B B B H H H B H H B B B H H B H H B B B B 
'phi054 B H B B B H H H H B B H B H H H B 8 B B B H B H H B B B B B B H H H B H B B B B H H B H H B B B B 
•umc1077 B H B B B H H H B B B H B H H H B B B B B H B H H B B B B B B H H H B H B B B B B H B H H B B B B 
"bnlg1250 B H B B B H H H B B B B B H H H B B B B B H B H H B B B B B H H H B B H B B B B B H B H H B B B B 
•ph!035 B H B B H H H H B B B B B H H H H B B B B H B H B B B B B H H H H B H H B B B B H H H H H B B B B 
*umc1084 H H B B H B H H B B B B H H H H H B B B B H B H B B B B B H H H H B H H B H B B H H B H H B B B B 
50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 
*umc1380 H H B H H B H H H H H H ti H ti H H H B H H ti H ti ti H B B H H H ti H ti H H H H H ti H H H ti 
•phi041 H H B H H B H H H H H H B H B H B H B H B B H B B H B B H H H B H B H H H H H B H H H B 
"umcl 152 H H H H B B B H B H H H H H B H B H H H B H H B H H B H H H H B H B H H H B H B H H H B 
•phi059 H H H H B B B H B H H H H H B H B H H H B H H B H H B B H H H B H B H B H B H B H H H B 
*phi054 H H H H B B B H B B H H H B B H B H H H B H H B H H H B H H H B H B H B B B H B H H H B 
*timc1077 H H H H B B H H B B H H H B B H B H H H B H H B H H H B H H H B H B H B B B H B H H H B 
•bnlgi250 H H H H B B H H B B H H H B B H B H H H B H H B H H H B H H H B H B H B B H H B H H H B 
*phi035 H H H H B B H H B B H H H B B H B B H H B H H B H H H B H H B B H B H B B B H B H H H B 
*umc1064 H H B H B B H H B B B H H H B H B B H H B H B B H H H B B B B H B B H B B B H H H H H B 
138 
? D CO CD CD CD CD CD X X X H H 
® 
E X X X X X X X X X X X 
B CD CD CD CD Œ3 CD CO CO CO CO CO 
r X CD CD CD X X X X 03 CD CD 
r X X X X X 03 X X X X CO 




B CD CD m co m CO X X X X X 




X en CO 
r X X X - X X X X 03 a CO B CD CD co CD CD CD CD CD CD CD CD 
r X X - X X CD CD X X X g CD 03 CD CD CD CD CD CD CD X X X 
o 
33 CD m CD CD CD 03 X X X X X r X X X X X X CD CO X X X 
r X X X X X X X X X X 33 CO CD CD X X X X X X X CD 
D X X X r X X X X CD CO CD to r CD CD CD CD CD Œ3 X X X CD CO 
r X CD CD 03 S3 CO CO X X 01 03 S D m CD (B CO 03 CO <B CD co CD X 
S r X X X - X X X X CO 03 CO S D CD CD CD co 03 CO X X X X X 




 s r X X X X X X X X co CD CD 
s B m X X en CO m X X X X B CD co CO X X X X X X X X 
E X X X X X X X X H
 
H
 S B CO 03 03 CD 03 X X X X X X 
r CD CD CD m CD CD m CO CO CO B CD CD 03 co CD CD X X X X X 
m n CD CD CD CD CD CD CD m CD 03 X S B CD 03 CD X X X X X X X CD 
m D CD CD CD CD CD CO CO m CO 01 CO B CD 03 CO CD CD CD X X X X X 
S r X X X X X X X X X X CD 33 CD CO CD CD CD (B X X X X X 
r X X CO CO CD CD X X X CO 03 23 CD CD X X CD CO CD CO X X X 
r m m CD 03 CD CO CD X X X X r X X X X X X X X X X X 
% r X X x CO CO CO 01 CD 01 CO r X X X X X X X X X X X 
s r X X X X X X 03 CD 03 CO CO Z r X CD CD co CD CD X X X X co 
s r X X X CD CD CO 03 CO CD CO X B 03 CO X X X X X X X X X 
5 r X X X X X X X X X X X r X X X X X X X X X CD CD 
% 20 X X CD CD CO CD X X X X B 03 co CD co CD X X X X X X 
23 CD CD X X X X X CO CO CD 
o 
33 CD CD CO CD CD co X X X X CD 




E X X X X X X X X X X en 
r X X CD CD CD CD X X X X X 
to 
CO E X X m CD X X X X en CD en 
r .o m CD m CD CO X X X CD CO co B CD co CD X X X X X X X X 
C: 3 CD £D CD CD CD CD CD 03 CD CO CO s E X X X X CD m X X X CD 03 
CO 
B CD m CD CD CD CD CO CD CD CD 03 B JD CD CD X X X X CD CD 03 CD 
r m CO CD CD CD CD X X CO CO CD s B CD 03 CD CD CD m CD X X X X 
33 CD CD X X X X X X X 01 CD B CD X X X X X X X X X X 
a CD m CD m CD 03 CO 01 CO X X 3 B n m co 03 co 03 X X X CD CD 
r X X X X X X X X CD CO 01 tô E n CD m CD CD CD X X X X X 
33 X X X X X X CD CO CD CO X s E X X X CD CD CD co CD CD CO CD 
r CD CO m X X X X CO CO GO m s E X X X X X X X CD CD m CD 
r CD CD CD CD CD CD X X X X X s B CD 03 co CD CD co 03 CD CD CD 03 
r X X X X X X CD m CD CO X E X X X X X X X X X en 03 
r» 33 CD CD CD X X X X 03 00 ffl CO S B m co CD CD CD CD X X X X X 
(£> E X CD X X X X X X X X X E X X X X X X X X X X X 




r X X CD CD CD CD X X X X X B n CD CD CD CD CD X X X X X 
33 CD CD CD CD X X X X X H
 
H
 s B X X X X X X X X Œ3 co en 
r X X CD CD CD CD X X CD CO m B co co CD CD CD 03 CD CD CD CD X 
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Table 4: Segregation data for chromosome 10 of Stress population 2 of B73/Mo1 / genotype. 
——-^Sample 
Primer"--»^. 1 2 3 A 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 
"umc 1380 H H H B H H B H B H H H H H B H H H H H H H B B B H H B H H B B B H H h H B H B H H B H H H B B 
•phi 041 B H H H B H H B H B H H H H H B H H H H H H H B B B H H B H H B B B H H H H B H H H H B H H H B B 
•umc 1152 B H H H H H H B B H H H H H H B H H H H H H H B B B H H B H H B B B H H H H B H H H H B h h H B B 
•phi 059 H H H H H H H H B H H H H H H B H H H H H H H H H H H h B H H B H B H H H H B H H H H H H h H B H 
•phi 054 H H H H H H B H B H H H H H H B H H H H H B H H H H H H B H H B H H H H H H B H H B H H II H II B H 
•umc 1077 H H H H H H B H B H H H H H H B H H H H H B H B H H H H B M H B M H H II H H B H H B H H H H H B H 
•bnlg1250 H H H H H H B H B H H H H H H B H H H B H B H B H H H H B H H B H H H H H H B H H B H H H H H B H 
•ph!035 H H H H H H B H B H H H H H H H H B B B H B H B H H H H B H H B H H H H H H B H H B H H H H H B H 
•umc 1084 B B H H B H B B B H B B B H H H H B B B H B B B H B H H B H B B H H H B H H B H B B H H H H B B B 
50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 
•umc 1380 H H B H H B H H H H H H H H U H H H B B B B B H H B H H H H H H 5 H H H H B H H H B H B 
•phi 041 H h B H H B H H H H H H H H B H H H B B B B H H H B H H H H H H B H H H H B h h H B H B 
•umc 1152 H H H h H B H H H h H H H H H H H H B H B B H H H H H H H H H H H H H H H B H H H H H B 
•phi 059 H H H H H B H H H H h H H H H H H H B H B H H H H H H H H H H H H H H H H B H H H H H B 
•phi 054 B H H H H H H H B H H H H H H H H H B H B h H H H H H H H H h H H H H H H B H H H H B B 
*umc1077 B H H H H H H H b h h H H H H H H H B H B H H H h H H H H H H H h H H H H B H H H H B B 
•bplg1250 B H H H H H H B B H H H H B H H B H B H B H H B B H H H H h H H B B H H H H H B H H B B 
•phl035 B h H H H H H B H H H H H B B B B H B H B H H B B H H H H H B H B B H H H H B B H B B B 
*u'mc 1084 B H B H H H H B H H B H H B B B B H B B B B H B B H H H H H B H B B H B H H B B H B B B 
140 
r X X X X X X X X X X X X X X ffl 
a X X X X X X X X X X X X X X X 




X CD ffl ffl 




X X X ffl 
$ a X X X X X X X X H H X X X X 
r X X X X X X X X X X X X X ffl ffl E X X ffl ffl ffl ffl X X X X X X m ffl X 
ffl CD CD CD CD m CD CD CO CD CD CD ffl CD co CD a ffl X X X X X X X X X X X X ffl CD 
r X X X X X X X CD B
 
B
 ffl X X X a ffl ffl X X X X X X X X X X X ffl ffl 
ffl CO X X X X X X X X H H X X X X a CD ffl ffl ffl ffl ffl ffl ffl CD ffl ffl X X X X 
° 
r X X X X X CD ffl CO X X CD ffl ffl CD g E X X X X X X X X X X X X X ffl ffl 
r X X X X X X X X X X X ffl X X E X X X X X X X X X ffl ffl CD CD ffl ffl 
ffl CO CD CD CO X X X X CD m CD ffl CD ffl X Œ a m ffl ffl ffl X X X X X X X X X X X 
r m CD CD CD CD CD X X X X X CD ffl CD m a CD ffl ffl ffl ffl ffl ffl ffl CD ffl ffl co CD X X 
E CO ffl CO CD CD o m m CD CD CD ffl CD ffl ffl a m X X X X X X X CD ffl ffl ffl X X X 
R X X X X X X X X X X X X X X X s E X X X X X X X X X X X X X X X 
% B m CD CD CD CD CD CO CO CO X X X X X X s a X X X X X X X X X X X X X X X 
r X X CD CD CD CD m CD m CD CD CO ffl ffl X s n ffl ffl ffl ffl X X X X X X X ffl CD ffl ffl 
a CO CD CD CD CD CD CD CD CD CO CD ffl ffl CD CD a CD ffl ffl ffl ffl ffl ffl ffl CD X X X x X X 
m a X X X X X CD CD CO CD CD CD ffl m ffl CD s a ffl ffl ffl ffl ffl ffl ffl ffl ffl ffl ffl ffl CD ffl ffl 
r X X X X X X X X X X X X X X X £ E ffl ffl ffl ffl ffl ffl ffl ffl ffl ffl X X X X X 
a CD CD X X X X X X X X X X X X CD a CO ffl ffl ffl ffl ffl ffl ffl ffl ffl ffl CD CD ffl ffl 
% a X X X X X X X X X CD ffl ffl X r X X ffl ffl ffl ffl ffl ffl ffl ffl ffl ffl CD X X 
CN E X X CD CD CD CD TD m co X X X X X s a X X X X X ffl ffl ffl ffl X X X X ffl ffl 
% a m CD CD CO CD CD CO tD CO CD CD ffl X X X s a ffl ffl X X X X X X X ffl ffl ffl CD ffl X 
a CD CO CD CD X X X X X X X X X X X a CD ffl ffl ffl X X H H
 
X X X X X X X 




X X X X r X X X X ffl ffl ffl ffl ffl X X X X ffl m 
a CD X X X X X X X X X X X X X X S! E X X X X X X X X X X X ffl CD ffl ffl 
a CD CO X X X X m CO CO ffl CD CD ffl ffl ffl E X X X X X X X X X X X X X ffl ffl 
E X X X CO 03 œ CO CD CD m co X X X a ffl CD ffl ffl ffl ffl ffl ffl ffl ffl ffl ffl X X X 
R X X X X CD CD CO CO CO X X X X X ffl s a ffl ffl ffl ffl ffl ffl X X X X X ffl CD ffl ffl 
2 E X X X X X X X X X X X X X X X s a ffl ffl ffl ffl ffl X X X X X X ffl CD X X 
a CO ffl CO CO ffl CO X X X X X X X X CD £ E X m ffl CD ffl ffl ffl ffl ffl ffl ffl ffl ffl ffl ffl 
E X X X X X CO CO CD CO X X X X X X $ a CD co ffl ffl ffl ffl ffl ffl ffl ffl ffl X X X ffl 
S E X X X X X X X X X X X X X X X a ffl co ffl ffl ffl ffl ffl ffl ffl X X X X X X 
!£? a CO CD CD m m CO CD CO CO CD m CD ffl X X s E X X X X X X X X X ffl ffl CD CD ffl ffl 
Z E CD CO CD CD CD CO X X X X X X X X X <o a ffl ffl ffl ffl ffl ffl ffl ffl ffl ffl ffl ffl CD ffl ffl 
2 E X X X X X X X X X X X X ffl ffl CD to E X X X X X X ffl ffl ffl ffl ffl ffl CD ffl ffl 
12
 
a CO m CD m CD X X X X X X m CD CD ffl (O a ffl ffl ffl ffl X X X X X X X X X X X 
- E X TD X X X X CD CO s CD co ffl CD CD ffl E ffl ffl ffl X X X X X X X X X X ffl ffl 
2 E X X X X CD CD CD CO CD X X X X X CD a ffl X X X X X X X X X X ffl CD ffl ffl 
o> E X CD CO CD CO X X X X X CD ffl ffl co CD s a ffl ffl ffl ffl ffl ffl ffl ffl ffl ffl ffl ffl CD ffl ffl 
CO 
r CO m CD m CD X X X X CD CD CD CD ffl ffl £ a ffl co ffl ffl ffl ffl ffl ffl ffl ffl ffl ffl CD ffl ffl 
r
- E X X X X X X X X X X X X ffl ffl m s E m ai ffl ffl ffl X X X X X X X X X X 
(D E X X X X X X X X X X X X X X X s E X X ffl ffl ffl X X X X X X X X X 
m E m CO CD m CD CD CO CO X X X ffl ffl CD CD 5 E X X X X X X X X X X X X X X X 
a CO CO CO CO CO CO CO CD ffl CD CD X X X X a ffl X X X X X X X X X X X X X X 
a CD m CD CO CD CD CO CD X X X X X X X E X X ffl ffl ffl ffl X X X X X X X X X 
a CO CO CD CO CD CO CD m CO ffl ffl co ffl ffl ffl a ffl CD ffl ffl ffl X X X X ffl ffl ffl CD ffl ffl 
— E X X X X X X X X X X X X CD ffl CD s E X X ffl ffl ffl X X X X X X X ffl ffl ffl 
LO 
0> O) CD N. If) IO CM 0> m m CM r- lO 0> en to o o O N V tD o T- Tf t- co G) T- tD 
O) s S OJ o> O O as s 
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Table 5: Segregation data for chromosome 10 of Stress population 3 of B73'Mo17 genotype. 
—--^.Sample 
Primer--^. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 
'umc 1380 H ti ti ti ti ti ti H ti ti ti H ti ti ti ti ti ti ti ti ti ti H ti H H ti H H H H ti ti B H ti ti H H H ti ti H ti ti ti H H ti 
*phi041 H B B B B B B H B B B H B B B B B B B B B B H B H H B H H H H B B B H B B H H H B B H B B B H H B 
'umcl 152 H B B B B B B H B B B H H H B B H H B B B B H B H B B H H H H B B B H H B H H H B B H H B B B H B 
"phl059 H B B B B B B H B B B H H H B B H H B H H B H B H B B H H H H B B B H H B H H H H B H H B B B H H 
•phi054 H B B H H B B H H H B H H H B H H H B H H B H B B B B H H H B B H B H H B H H H H B H H B B B H H 
•umc1077 H B B H H b B H H H B H H H B H H H B H H B H B B B B H H H B B H B H H B II H H H B H H B B B H H 
"bnlg1250 H B B H H B B H H H B H H H B H H H B H H B H B B B B H H H B B H B H H B H H H H B H H H B B H H 
"phi035 H B B H H B B H H H B H H H B H H H H H H B H B B B B H H H B B H B H h H H H H H B H H H B B H H 
*umc1084 B B H B H B B H H B H H H H B B H H H H H H H B B H B H H H B B H B B H H H H H H B H H H B B B H 
50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 
"umc1380 H H ti H H H ti ti ti ti H ti ti H H ti H H ti H H ti ti H H H ti ti ti H ti ti H ti H B ti B B ti H H ti ti 
•phi041 H H B H H H B B B B H B H H H B H H B H H B B H H H B B B H B B H B H B B B B B H H B B 
*umcll52 H H B H B H B B H B H B H H H H H H B H H H B B B H B B B H B B H B H B H B B B H H B B 
"phi059 H H B H B h B B H B H B H H H H H H H H H H B B B H B B B H B B H B H B H B B B H H B B 
•phi054 • H H H H B H B H H B H B H H H H H H H H h H B B B B B B B H B B H H H H H B H B H B H B 
*umc1077 H H H H B H B B H B H B H H H H H H H H H H B B B B B B B B B B H H H H H B H B H B H B 
"bnlg1250 H B H H B H B B H B H B H H H H H H H H H H B B B H B B B B B B B B H H H B H B B B H H 
*phi035 H B H H H H B B B B H B H H H H H H H H H B B B B H B B B B B H B B H H H B H B B B B H 





n X X X X X X X X X X X 
? r X X X X X X X X X m CD 
n 03 Œ3 m X X X X 03 m CD 
$ s m 03 X X X X X X X X X 
n 03 CD 03 CD CD m m CD X X 
r X X X X en m m X X m CD a> 2D m œ X X X X X X X 
r X X X CD CD CD X X X X X 
CM 
E X X X X X m CD CD X X X 
E X X X m m œ X X X X E X X X X CD CD m CD CD CD CD 
33 CD CD X X X CD o m X X X g 23 m CD CD m 03 CD CD m X X 
5 n CD m CD CD CD CD CD CD X X X 23 X X X X X X X X X X X 
n m CO CD X X X CD m CD X s E X X X X X X X X X X X 
E X X X X X X X X m CD a m CD m CD CD X X X X X X 
m E X X X X X 03 CD CD m m œ 23 CO CD CD CD CD CD 03 CD CD CD CD 
% E X X X X X X X CD 03 X X E X X X X X X X X X X X 
% E X X X X X X X X X X 23 X X X X X X X X X X X 
21 X X X X X X X X X X X E m CD 03 œ 03 03 X X X X X 
m 
E X X X X X X X X X X 
CM CO X3 m X X X X X X X CD CD CD 
co E X m 03 CD m m X X X X CD CO 23 m CD X X X X X X X X X 
n E X X X a m a m m m X X O m m X X X X X X X X X 
m E X CD CD CD CD CD CD CD CD CD CD X X X X X X X X CD CD CD CD 
n 03 CD 03 X X X X m CD CD X X X X X X CO CD X X X X 
E X X X X r X X X X X £ X X X X X X X X X X X 
E X X X = X X X X X CD m m 03 CD CD X X X X X X 
n 03 CD Œ1 CD m m X X X X X ÎC CD CD CD 03 CD CD 03 CO CD CD CD CD 
E X X X X X X X X X X X X X X X X X CD CD CD CD CO 
E X X m CD X X X X CD CD X X X X X X X X X CO CD CD 
n CD CD CD CD CO 03 CD CD X X X £ CD X X X X X X X m CD m 
n X X X X X X X X X X X CD CD CD m CD CD CD CD CD 03 CD CD 
CM n m CD m m CD 03 CD CD CD CD CD X X X co CD CD 03 CD CD CD CD CD 
o 
CM E X X X X X X X X X X 00 œ CD CD CD œ m CD X X X X 
E X X X X X X X X X X X X X X X X X X CD 03 CO CD 
E X X X X m m CD œ CD CD CD <o X X X m CD CD 03 X X X X X 
£ n m S3 03 03 m m CD m CD CD X g CD m CD X X X X X X X X X 
S E X X X X - 03 CD CD CD X CD CD CD 03 X X X X X X m CD 
£ E X X X X X X X X X X CD CD CD 03 m CD CO X X X X X 
z 23 m 03 CD CD CD CD CD X X X X X X X X X X X X 03 CD X X 
c? E m CD m m m CD m X X X X CD 00 CO CD X X X X X X X X 
23 m m X X X X X X CD CD CD X CD CD CD X X X X X X X X 
D m m CD CD m CD m X X X X S CD m CD CD CD X X X X X X 
o 
E X X X 03 m CD Û3 m m X X E X X X X X X X H
 
H X X 
o> fi CD CD CD m X X 03 m CD X X S CD X X X X X X X X CD CD 
œ E X X X X X X X X X X « 23 CD CD CD CD 03 03 CD 03 CD CD CD 
23 m Œ CD CD Q CD CD CD CD m m s r CD CD CD CD CD CD CD X X X CD 
10 23 X X X X X X X X X X X 23 X X X X X X CD CD CD 03 CO 
tn 
23 m 03 CD X X X X X es CD , X X X X X X X CD CD Œ3 CD CD 
v E X X CD CD Q X X X X X X X X X X X X X X CD CD CO m 
r X X X X X CD X X CD m m X X X m Œ3 CD CD CD X X CD CD 
r X X X X X X X X X X X s X X X X X X X X X X X X 
33 X X X = X X X X X X X 23 X X X X X m X X 
1 
CL 
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Tafcie o: Segregation data for chromosome 10 of Non-Stress population 5 of 373/Mo17 genotype. 
"^~~^Sample 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 
"umc1380 H B H H H B H H ti ti H H ti H H B H H ti H H ti ti H ti B H U H H ti H ti H H H H H B B H H H ti H H B H ti 
•phi041 H B H H H B H H B B H H B H H B H H B H H B B H B B H B H H B H H H H H H H B B H H H B H H B H B 
•umc1152 B B H H H H H H B H H B B B B B H B B H H B B H H B H B H H B h H H H B B H B B H H H B B H B H B 
*phl059 B B H H H H H H B H H B B B B B H B B H B B B H H B H B H H B H H H B B B H B B H H H B B H B H B 
*phi054 B H h B H H H H B H H B H B B B H B B H B B B H H B M B H H B H H B B B B H B B H II M B B H H H B 
'umc1077 H H H B H H H H B H H B H B B B H B B H B B B H M B H B B II B H II B B B B H B B H H H B B H H H B 
*bnlg1250 H H H B - H H H B H H b H B B B H B H B B B H H B H B B H B H H B B B B H B B H H H B B H H H B 
*phi035 H H H B H H H H B H H B B B B B H H H B B B B H H B B B B H B H H B B B B B B B H H H B B H H H B 
*umc1084 H H B B H H H H B H H B B H B B H H H B B B B b H B B B B H B H B B B B B B B B H H H B B H H H B 
50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 76 79 80 81 62 83 64 85 86 87 66 69 90 91 92 93 
*umc1380 0 H H B H H B B H H H B H H U H H B B H B H H H B H B B H H H H B H B H B H H B H H B B 
•phi041 B H H B H H B B H H H H H H B H H B B H B H H H B H B B H H H H B H B H B H H B H H B B 
'umc1152 H H H B H H B B H H h H H H B H H B B H B B B H B B B B B H H H B H B H B B H H H H B B 
*phi059 H B H H H H B B H H H H H H B H H B B H B B B H B B B B B B H H B H B H B B H H H H B B 
*phi054 H B H H H H B B H H H H H H B H B B B H B B B H B B B B B B H H B H B H B B H H H h B B 
•umc1077 H B H H H H B B K H H H H H B H B B B H B B B H B B B B B B B H B H B H B B H H H H B B 
*bnlg1250 . B H H H H B H B B H H H . B H B B B H B B B H B B B B B B B H B H B H B B H H H B B 
•phl035 H B H H H H B H B B H H H H B H H B B H B B B H B B B B B H B H B B B H B B H B H H B B 
*umc1084 B B B B H H B h B B H H H H B H H B B H H B B H B B B B H H B H B B B H H B H B H H B B 
Table S: Segregation data for chromosome 1 cf ! Ion-Stress population 5 of B/3.'Mo17 genotype. 
~~~-^Sample 
'rimer 1 2 3 4 5 6 7 B 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 
"umc1071 H B H H H H 0 B B H B H H H B B B B B H B H H U H U H H H H H H H B H H H B H H H H B H B B ti B B 
•bnlg1429 H B H H H H B H B H H H H H H B B B B B H B H B H H H H H H H H H B H H H B H B B H B H H B B B B 
•bnlg1953 H B H H H H H H B H H H H H H B B B B B H B H B H H H H H H H B H B h H B B H B B H B H H B B H B 
•bnlg439 H B H H H H H H B H H H H B H B B B H B H B H H H H H H H H h B h B h H B H H B 6 B B H H B H H B 
"bnlg18ll H B H B H H H H B H H H H B M B H H H B H B H H H H H H H H H B H B H H H H H B B B B H H B H H B 
'urne 1395 H B H B H H H H B H H H H B H H H H H B H B II M H H II B H M H B H B H H H H H B H B B H H B H H H 
*bnlg1598 H B H B H H H H B H H H H B H H H H H B H B h H H H H B H H H B H B H H H H H B H h B H H B H H H 
•bnlg1057 H B H B H H H H B H H H H B H H H H H H H B H H H H H B H U H B H B H H H H H B H H B H H B H H H 
"umc1035 H B H B H H H H B H H H H B H H H H H H H B H H H H H B H H H B H B H h H H H B H H B H H B H H . 
•bnlg1025 H B H H H H H H H H B B H B H H H H H H B B B H H H H B H H H B H B H H h H H B H H B H H H H H H 
•phi037 H B H H H H H H H H B B H B H H H H H H B B B H H H H H H H H B H B H H H H H B H H B H H H B H H 
*phi094 H B H H B H H B H H B B H B H H H H H H B H B H H H H H H H H B H B H H H H B H H H B H H H H B H 
•bngl1671 H B H H B H H B H H B B B H H H H H H H B H B H H H H H h B B B H B B B H H B H H H B h H h H B H 
"bnlg1055 H B H H B H H B B H B B B H H H H H H H B H B H H H H H H B B B H B B B H H B H H H B H H H H B B 
"phl064 H H H B B B H B B H B H B H H H H H H H B B H B H H H H H B B B H H B B H H H H H h B H B H H B B 
50 51 52 53 54 55 56 57 56 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 
"umc107l U U H H H U H U H H B B H B B B B H H H H B H H B B H H H H H H ti B B B B B B B H H H H 
*bnlg1429 H B B H H B H H H B B B H H B B B H B H H B H H B B H H B H H H H B B B B B B B H H H H 
*bnlg1953 H B B H H B H H B B B B H H B B B H B H H B H H B B H H B H H H H B B B B B B B H H h H 
*bnlg439 H B B H H B H H B B B B B H H B H H B H H B H H B B H H B H H h H B H B B B B B H H H H 
•bnlglBIl H B B H H H H H B B B B B H H B H H B H H B H H H H H H B H H H H B H H B B B B H H h H 
*umc1395 H B B H H H B B B B B B H B H H B H H B H H H H M H H H H H H B H H B B B B H H H H 
*bnlg1598 H B B H H H H H B B B B B B H B H B B h H B B H H H H H H H H H H B H H H B B B H H H B 
•bnlg1057 H H B H H H H H B B B B B B H B H B B H H B B H H H H H H H H H H B H H H B B B H H H B 
*umc103S H H B H H H H H B B B B B B H B H B B H H B B H H H H H H H H H H B B H H B B B H H h B 
*bnlg1025 B H H H H H H B H B B B H H H H H B H H H H H H H H H H H H H H H B B H H B B H h H H B 
*phi037 B H H H H H H B H H B H H H H H H B H H H H H H H H H H H H H H H B B H H B H H H H H B 
•phi094 B H H H B H H B H H B H H H H H H B H H H H B H H H H H H H H H H H B H H B H H H H H B 
•bngl167l B H H H B H H B H H B H H H H H H B H H H H B H H H H H H B H H H H H H H B H H H B H B 
"bnlglOSS B H H B B H H B B H B H B h H H H B H H B M B H B H B H H B H H B H H H H H H H H B H B 
*phi064 B H B B B H H B B B H H B H H H H H H H B B B B B H B H H B H H B H H H B H H H B B H B 
i  able 1C. Segregation data f:r chromosome 13 of Non-Stress population 5 of B73/Mo 1 / genotype. 
.Sample 
Primer 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 
"umc1380 H H H H B ti B H H H H ti B H B H H ti H H H H B B H H B ti ti H H B B H H H H ti B H ti ti ti H ti B B H H 
•phi041 H H H H B B B H H B H B B H B H H B H H H H B B H H B B B H H B B H H H H B B H B B B H B B B H H 
*umc1152 B H H H B B H H H B H H B H B H H B B H H H B B H H B B B H B B B H H H H B B H B B B H B B B B H 
-phi059 B H H H B B H H H B H H B H B H H B B H B H B B H H B B B B B B B H B H H B B H B B B B B B B B H 
*phi054 B H H H H B H B H B H H B H B H H B B H B H H B H H B B B B B B B H B H H B H H B B H B B B B B H 
'umcior? B H H H H B H B H B H H B H B H H B B M B h M B H H B B B B B B B H B II H B H H B B h B B B B B H 
•bnlg1250 B H H H H B H B H H H H B H B H H B B H B H H B H H B B B B B B B H B H H B H H B B H B B B B H H 
"phl035 B H H H B H H H H H H H B H B B B B B H B B H B H H B B B B B B B h B H H B H H B B H B B B H H H 
"umc1084 B H H H B H H H H H H H B H B B B B B H B B B B H H B B H B B B B H B B H B H H B B B B B B H H B 
50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 
*umc1380 H B H h ti ti B ti B ti ti ti B H H B H B H B H H H H B B H ti H ti B B B B B B ti ti H B H B H H 
•phi041 H B H H S B B B B B B B B H H B H B H B H B H H B B H B H B B B B B B B B B H B H B H H 
"umcil52 H B H H B H B B H B B B B B H B H B B H B B H H H B H B H B B B B B B B H B H B B B H H 
•phiose H B H H B H B B H B B B B B H B H B B H B B H H H B H B B B B B B H H B H B H B B B H B 
*phi064 H B H H B H B B H B B B B B H B H B B H B B H H H B H H B B B B B H H B H H B B B B H B 
"umc1077 H B H H B H B B H B B B B B H B H B B H B B H H H b H H B B b B B H H B H H B B B B H B 
•bnlg1250 H B H H B H B B H B B B B B H B H B B H H B B B B H H H B B B B B H H B H H B B B H H H 
•phi035 H B H H B H B B H B B B B B B B H B B H H B B B B H H H B H B B B H h B H H B B B H H H 
"umcl084 H B H H B H B B H B B B B B B B B B B H H B B B B H H H H H B B B B H B H B B B B H H H 
146 
n CD CD (23 CD CD CD m S3 03 X X X X X X 
r X X X X X X X X X X X X X X 
n X X X X X X X X X X X X X S3 S3 
23 S3 X X X X X X X X X S3 en S3 en en 
E X X X X X X X X X X X X X X 








X X X X X S3 S3 
23 X X X X X X X X X X X X X X X E X X X X X X X X X X S3 CD en S3 
23 X X X X X X X X X X X X X X X E X X X X X X X X X X S3 03 CD S3 S3 
r X X X X X X X X X X X X X X n CD S3 S3 S3 S3 S3 S3 S3 S3 S3 S3 X X X 




X X X X X X X X X X 




X X X X X X X X X X 
B CD S3 S3 CD CD en m CD en en m CO m S3 S3 23 CD 03 X X X X X X X X X X X X X 
r X X X X X x X X X X X X X X X n CD S3 03 en S3 X X X X X X S3 CD X X 
r X X X X X X X X X X X X X X X n S3 en S3 00 S3 S3 en S3 S3 en X X X X X 
23 CD m CD CD CD X X X X X X en S3 S3 S3 n CD S3 S3 CD S3 03 CD S3 03 S3 S3 S3 S3 CD S3 




X X X X X X X 




 X X X X CD en CD 
r X X X X X X X X X X X X X X n CD X X X X X X X X X X CD CD 03 CD 






B 03 m S3 X X X X 
23 CD CD X X X X X X X X X X X X » E S3 m CD 03 S3 S3 co S3 CD S3 CD S3 S3 CD S3 
r CD CD 03 CD CD CD m CD 03 en CD X X X X s E S3 S3 S3 00 S3 S3 00 S3 CD S3 CD en en S3 S3 








X X CD CD S3 S3 m 
23 X X CD CD X X X X X X X X X X % E X X X X en S3 S3 m S3 S3 CD CD S3 CD X 
23 CD CD CD CD m X X X X X X X X X X £ 23 CD en S3 00 S3 S3 X X X X X X X S3 S3 
E X X m CD CD 03 S3 en m X X X X X X 5 23 S3 CD X X X X X X X X X X X S3 
E X X Œ3 m CD 03 Œ CD CD S3 CD X X CD CD D CD CD S3 CD 03 S3 S3 co S3 S3 CD S3 S3 X X 
E X X X X X X X X X X X X X X X 23 en CD S3 CD S3 co S3 S3 S3 m m CD S3 S3 S3 
E X CD CD m CD CD X X X X X X X X S3 £ E X X X X X X en S3 m en S3 CD CD CD CD 
23 CD CD Œ CD CD CD CD CD CD CD X X X X X 23 CD CD CD CD CD S3 co 03 CD S3 X X X X 




X X X co en O X X X 
23 CD m 03 CD CD CD S3 CD S3 X X S3 S3 S3 X S 23 CD CD X X X X X X X X X X X X 
n m X X X X X X X X X X X X S3 n X X X X X X X X X X X X X S3 
E X X X X X X X X X X X X X X X D S3 S3 S3 CD CD S3 00 03 CD S3 X X X CD S3 
E CD m m CD CD X X X X X X X X X X 23 S3 S3 en CD CD S3 en S3 m S3 CD S3 en S3 S3 
23 CD m X X CD CD X X X X X X X X X 5 E X X X X X X X X X X X X X X X 
E X X X m CD X X X X X X X S3 m CD 23 CD S3 X X X X X X X S3 CD S3 S3 S3 X 
23 m CD CD m CD CD CD CD 03 S3 S3 CD en en CD 23 S3 S3 X X X X X X X X X X X X X 
E X X X X CD CD CD 03 03 S3 S3 CD m 03 5 E X X X X X X X X X X X X X X 
E X X X X X X X X X X X X X m 23 CD S3 S3 CD CD m CD S3 S3 X X X X X X 
r X X X X X X X X X X X X X X X E X S3 S3 CD S3 en en CD S3 X X X X X X 
23 CD Œ3 X X X X X X S3 S3 en S3 S3 S3 CD 23 S3 X X X X X X X X CD S3 CD en S3 S3 
E X X CO CD CD CD X X X X X X X CD S3 5 E X X X X X X X X X X X X X X S3 
E X X CD CD CD Œ3 S3 œ S3 X X X X X X S E X X X X X X X X X X X X X S3 CD 
23 CD X X X X X CD CD m S3 CD S3 CO S3 03 E n 03 X X X X X X X X X X 03 S3 CD CO 
23 CD m CD CD X X X X X X X X X X X S D en S3 X X X X X X X S3 CD S3 en S3 CD 
23 CD m CO CD X X X X X X X X X X X S 23 en en S3 CD X X X X X X X X X X X 
23 S3 m CD CD CD CD CD S3 S3 S3 X X X X X S E X X X X X X X X X X X X X X X 
23 X X CD CD CD en S3 m en X X X X X £ 23 03 X X X X X X X X = X X X X X 
E X co CD CD CD œ S3 CD S3 X X X X X X s E X X X X X X X X X CD S3 CD CD S3 X 
m 
Q (U h-
E y (/)/ w 
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m ai n >n in m CT> a) m en (N h- u) 
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Table 12: Segregation data for chromosome 10 of N or-Stress population 6 of E373.'Mo17 genotype. 
—^Sample 
Primer —. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 
*umc1380 B ti ti H ti ti ti H ti ti ti B H ti H H H ti H H H ti H ti ti H ti H B B ti H ti H ti H ti ti H B ti B H H ti ti H H ti 
"phi041 B B B H B B B H B B B B H B H H H B H H H B H B B H B H B B B H B H B H B B H B B B H H H B H h B 
•umc1152 B B B H B B B H B B B H H B B H H B H H H B H B B H B B H H B H B H B H B B H B B B H H h B H H B 
•phi059 B B H H B B B H H B B H H B B H B B H H H B H B B H B B H H B H B H H H H B H B B B H H H B B H H 
•phi054 B H H H B B B H H H B H H H B H B H H H H B H B B H B B H H B H B H H H H B H H B B H H H B B H H 
"umc1077 B H H H B B B H H H B H H H B H B H H H H B H B B B H B H H B H B H H H H B H H B B H H H B B h H 
•bnlg1250 B H H H B B B H B H B H H H H H B H H H H B H B B B H B H H B H B H H H B B B H B B H H H B B H H 
•phi035 B H H B B B B H B h B H h H H H B H B H H B h B B B H H H H B H B H H H B B B H B B H H B B B H H 
•umc1084 B H H B H B B H B B B H H H H H B H B H H B H B B B H H H H B H B H H H B B B H B B H B B B B B h 
50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 
"umc1380 B U B H H b ti H H H H ti ti H ti ti H ti H ti B H B ti ti H H B H H ti H ti ti H ti ti H H H ti H H H 
•phi041 B B B H H B B H H H H B B H B B H B H B B H B B B H H H H H b H B B H B B H H H B H H H 
"umc1152 H B B H H B B H H H H B B H B B H B H B B H B B H H B H B H B H B B H B B H H H B H h H 
*phl059 H B B B H B B H H H H B H B B B H B H B H H B B H H B H B H B H B B H B B H H H B H H B 
*ph!054 H b B B H B H H H H H B H B B B H H H B H H B B H H B H B B B H B B H B B H B H B H B B 
*umc1077 H B B B H B H H H H H B H B B B H H H B H H B B H H B H B B H B B B H B B H B H B B B B 
•bnlg1250 H B B B H B H H B H H B H H B B B H H B H H B B H H B H B B H B B B H B B H B H H H B B 
•phi035 H B B B H B H H B H B B H H B B B B H B H H B B H H B B B B H B B B H B B H B H H H B B 
"Umc1084 H B B B B B H H B H B B H H B B B B H H H H B H H H B B H B H B B B H B B H B H H H H H 
Table 13: Segregation data for chromosome 1 of water stress population 1 cf Mo1 /7H33 genotype 
"^ ^Sample 
PrimeT^" 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 
4* 
00 
50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 
*umc1071 b b b b h b h b h b h b h h b b h h h b b b b h b h b h b h b b h h h h b b h h b h h h 
•phi427913 b b b b h b h b h b h b h h b b h h h b b b b h b h b h b h h b h h h h b b h h h h h h 
•bnlgl429 b b b b b b h b h b h b h h b b h h h b b b b h b h b b b h h b h h h h b h h h h h h h 
*bnlgl953 b b b b b b h b h b h h h b b b h h b b b b b h h h b b h h h h h h h h b h h h h h h h 
"bnlg439 h b b b b b h h h b h h h b b b h h b b b b b h h b b h h h h h b h h b h h h h h h h 
•phll 09275 h b b b b b h h h b h h h b b b h h b b b b b h h b b b h h b h h b b h b h h b h h h b 
•umci9i7 h b b b b b h h h b h h h b b b b h b b b b b h h b b b h h b h b b b h b h h b h h h b 
•urnc1689 h b b b b b b h b b h h h b b b b h b b h b b b h b b b b h b h b b b h b h h b h h h b 
*bnlg1598 h b b b b b h h b b h h h h b b b b b b h b h b b b b b b h b b b h b h b h h b b h b b 
•umc1035 b b b b b b h h b b h h h h b b b b b b b b h b b b b b b h b b b h b h b h h b b h b b 
*umc1278 h b b b b h h h b h h h h h b b h b b b b b h b b b b b h h b b h b b h b h h b b h b b 
•bnlgl025 h b b b b h h h b h h h h h b b h b b b b b h b b h b b h h b h h b h h b h h b b h b b 
•phl037 h b b b b h h h h h h h h h b b h b b b b b h b b h b b h h b h h b h h b h h b b h b b 
•phi094 h b b b b h h b h h h h h h b h h b b b b b h b b h b b h h b h h h h h b h h b h b b b 
•phi1671 h b b b b h h b h b h h h b h h h b h b b b h b b b b b h h b h h h h li h h h b h b h h 
•bnlg142l b b b b b h h b h b h h h b h h b b h h b b h b h b b b b h b h b h h h h h h h h h h h 
"bnlg1055 b b b b b h h b h b h h h b h h b b h h h b b b h b b b h h b h b h h h h h h h h h h h 
"umc107i h b h b h h h h b b h h b b b h b b b b h h h h h b h b b h b b h h h b b h b b b b b b h h b b h 
*phi427913 h b h b h h h h b b h h b b b h b b b b h h h h h b b b b h b b h h h h b h b b b b b b h h b b b 
"bnlgl429 h b h b h b h b b b h h b b b h b b b b b b b h h b b h b h b b h h b h b b h b b b b b h h b b b 
•bnlg1953 h b h b h b h b b b h h b b b h b b b b b b b h h b b h h h b h b h b h b b h b b b b b h h b b b 
"bnlg439 h h b b h b h b b h h b h b b h b b b h b b h b h b h h h h b h b h b h b b b b b b b b h h b b b 
"phi 103275 li h b b h b h b b h h b h b b h h 11 b h b b b b h b b h h h b h b h b h b b b b b b b b h h b b b 
"umc19l7 h h b b h b h b b h h b h b b h h 11 b h b b b b h b b h h h b h b h b h b b b b b b b b h h b b h 
"umc1689 h h b b h b h b b h h b h b h h h b h h b b b b h b h b h h b h b h b h b b b b b b b b h h b b h 
"bnlg1598 h h b b h h b b b b h b h b h h h b h h b b h b b b h b h h b h b h b h b b b b h b b b b h b b h 
•bnlg1035 h h b b b h b b b b h b h b h h h b h h b b h b b b h b h h b h b h b h b b b b h b b b b h b b h 
•bnlg1278 h h h b b b b b b b h b h b h h h b h b b b h b b b h b h h b h b h b h b h b h h b b h b b b b h 
*umcl025 h h h b b b b b b b h b h b h h h b h b b b h b b b h b h h b h b h b h b h b h h b b h b b b b h 
*ph|037 h h h b b h b b b b h b h b b h h b h b b b h b b b h b h h b h b h b h b h b h h b b h b b b b h 
*phi094 b h h h b h b b b b b b h b b b h b h b b b h b b b h h h h b h b h b h h h b h h h b h b b b b h 
"phi1671 b h h h b h h b b b b b b b b b h b h b b b b b b h h h h h b b h h b h h h b h h h h h b b b b h 
•bnlg142i b h h h b h h b b b b b h h b b b b h b b b b h b h h h h b h b h h h b b h b h h h h h b h b b h 
"bnlgioss b h h h b h h h b b b b h h b b b b h b b b b h b h h h h b h b h h h b b h b h h h b h b h b b h 
Table 14: Segregation data for chromosome 10 of v/ater stress population 1 of Mo17'H93 genotype. 
^Sample 
Primer 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 
"umc2018 h h h h h b b b b b h b h b h h h h b b h h h h h h b h h b h b b h b b b h b b h b b h b 11 h h h 
•phi059 h h h h h b b b b b h b h b h b h h b b h h b h h h b h h b h b b h b b h h b b h b b h b h b h h 
•PhiOSO h b h b h b b b b h h b b b b b b h b b h h b h h h b h h h h b b h b b h h b b h b b h b b b h h 
*umc1077 b b h b h b b b b h h b b b b b b h b b h h b h h h b h h h h b b h b b h h b b h b b h b b b h h 
'umc1505 b b h b h b b b b h h b b b b b b b b b h h b li h h b h b h h b b h h b h h b h h h b h b b b h h 
•umc2122 b b h b h h b b b b li b b b b b b b h b b h b h 11 h b b b h h b b h h b h h b h h h b h b h b h h 
'umc10B4 b b b b h h b b b b h b h b b b b h h b b h b b h h b b b h h b h h h b h h h h h h h h b h b h h 
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*umc2018 b h h h h b h h b b b h b b h b b b b b h b b b b h h b b h b h h h h b h h h h b b h b 
*phi059 b h h h h b h h b b b h b b h b b b b b h b b b b h h b h h h h h h h b h h h h b b b b 
"PhiOSO b h h h h b h h b b b b b h h h b b h b h h b h h h b b h b h h b h h b h h h b b b b b 
*umc1077 b h h h h b h h b b b b b h h h b b h b h h b h h h b b h b h h b h h b h h h b b b b b 
*umc1506 b h h h h b h h b b b b b h h h b b b b h h b h h h b b h b h h b h h b h h h b b b b b 
*umc2122 h h h h h b h b b b b b b h h h b b h b b h b h h h b b b b h h b b h b h h h b b b b b 
•umc1084 h b h h h b h b b b b b h h h h h b h b b b b b h b b b h b h h b b b b h h b b b b b b 
Table 15: Segregation data for chromosome 1 of v/ater stress population 2 of f. lol z - 'H93 genotype 
™^~^Samp!e 
Primer~~~~^ 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 
"umci07l b b h h h h b h b h h h h b b h h h b h h b h h b h h b b b b b h b b b h h b b h h b h h b b h h 
*ph 1427913 b b h h h h b h b h h h h b b h h h b h h h h h b h h b h b b b b b b b h h b b h h b h h b b h h 
•bnlg1429 b b b h h h b h b h h b b b b h h h b h h h h h b h h h b b h b b h b h h h h b h h b h h b b h b 
•bnlg1953 b b b h h h b h b h h b b b b h h h b h h h h h b h h h h b h b b h b h h h h b h h b h h b b h b 
"bnlg439 b b b h h h b b b h b b b b b h h h b b b h h h b h h h b b h b b h b h h h 11 b h h b b h h b h b 
•phi1D9275 b h b h li b b b b h b b b b b li n li b b b h b h b h h h b b h b b h b h h b li b h li b b h li b li b 
"umc1917 b b b h h b b b b h b b h b b h h h b b b h b h b h b h b b h b b h b h h b h b h h b b h h b h b 
*umc1689 b b b h b b b b b h b b h b b h h h b b b h b b b h b h b b h b h h b h h b b b h h b b h h h h h 
•bnlg1598 b b b h b b b b b h b b h b b h h b b b b h b b b h b h b b h b h h b h h h b h h h b h h b h h b 
"bnlgl035 b b b h b b b b b h b b h b b h b b h b b h b b b h b h b b h b h h b h h h b h h h h h h b b h b 
•U1278 b b b h b b h b b h b b h b b h b b h b b h b b b h b h b b b h h h h h h h b h h h h h h b b b b 
•umcl025 b b b h b b b b b h b b h b b h b b h b b h b b b h b h b b b h h h h h h h b h h h h h h b b b b 
*phi037 b b b h b b b b b h b b h b b h b b b b b h b b b h b h b b b h h h h h h h b h h h h h h b b b b 
•phi094 h b b b b b b h b h b b h b b h b b b b b b h h b h b h b b b h h h h h h h b h h h h h h b b b b 
•phi1671 h b b b b b b h b h b b b b h h b b b b b b h h b h b b b b b b b h h h h h b h h h h h b b b b b 
•bnlg142l h b b b h b b b b b b h b b h h h b b b b b h h b h b b b b b b b h h h h h b h h h h h b h b h h 
"bnlgioss b b b b h b h b b b b h b b h h h b b b b b h h b h b b b b b b b h h h h h b h h b h h b h b h h O 
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"umc1071 h h h h b b b h h h h b h b h h b h b h b b b h h h h b b b b b h h b b b h b b b h b b 
"phi427913 h h h h b b b h h h b b h b h h b h b h b b b h h h h b b b b b h b b b h h b b h b b 
*bnlgl429 h h h b b b b h h h b h h b h h b h b h b b b h h h h b b b h b h h b b b h h b b h b b 
"bn!g1953 h h h h b b b h h h b h h b h h b h b h b b h h h h h b b b h b h h b b b h h b b h b b 
"bnlg439 h h h h b b b h h h b h b b h h b h b h b h h h h h h b b h h b h h b b b h h b b h b b 
•phil 09275 h h h h b b b h h h b h b b h h b h b h b h h h h h h b b h h b h h b h b h h b b h b h 
"umc1917 h h h h b b b h h h b h b b h h b h b h b h h h h h h b b h b b h h b h b h h b b h b h 
"umc1689 h b h b b b b b h h b h b h b h b h b h b h h h h h h b b b b b h b h b b h h b b h b h 
"bnlg1598 h b h b b h h b h h b h b b b h b h b h h b b h h h h b b b b b h b b b b h h h b h b h 
"umc1035 h b h b b b h h h h b h b b b b b h b h h b b h h b h b b b b b h b b b b h h h b h b h 
"umc1278 h b h h b b h h h b b h h b b b b h b h h h b h b b h b b h b b h b b h h h b h b h b h 
"bnlg1025 h b h h b b h h h b b h h b b b b h b h h b b h b b h b D h h b h b b H h h b h b h b h 
•phi037 h b h h b b h h h b b h h b b b b h b h h b b b b b h b b h h b h b b h h h b h b h b b 
"phi094 h b h h b h h h b b b h h b b b b h b h h b b b b b h b b h h b h b b h h h b h b h b b 
"phi1671 h b h h b b h b b b b h h h b b b h b h h h h b b h h b b h b b h h b b h h b h h h b b 
"bnlg1421 h h h b h b h b b b b b h h b b b h b b h h h b h h h b b h b b h h h b h h b h h b b h 
"bnlg1055 h h h b h b h b b b b b h h b b b h b b h h h b h h b b b h b b h h h b h h b h h b b h 
Table 16: Segregation data for chromosome 10 of water stress population 2 of Mo17/H99 genotype. 
~-^Sample 
nmer~~— i 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 4! 
"umc2018 b b h b h h b b h b h h b b b h h b b b h b b b b b b b b h b b b h b b h b h b h b b h h b b b b 
•phi059 b b h b h h h b h b h b b h b h h b b b h b b b b b b b b h b b b h b b h b h b h b b b h b b b b 
•Rn;050 b b h b h h h b h b b b b li b b h b b b h b b b b h b h b h h b h li b b li h h b b b b b h b h b h 
"umc1077 b b h b h h h b h b b b b h b b h b b b h b b b b h b h b h h b h h b b h h h b b b b b h b h b h 
*umc1506 b h h b h h h b h b b b b h b b h b b b h b b b b h b h b h h b b h b b h h h b b b b b h b h b b 
*umc2122 b h h b h h h h h b h b b h b b h b b b h b b b b h b h b h h b b h h b h h h b b b b b b b h b b 
*umc1084 b h h b h h h h h b h b h h b h h h b b h b b h h h b h b h h b b h h b h h h b b b h b b h h b b 
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'umc2018 Ti E fi E E 6 E E E fi E fi E E E E R fi E fi E 6 E fi R R E E E E E E 6 E 5 E E E E E E E E E 
"ph!059 hbhbbbbbbhhhhhhbhhbhhbbhhhbbhbhhbhbhbbbbhbbh 
"PhiOSO hhbbhbbhbbhbhbhbhhbhbbbhhhbbbbhhbhbbbbbbhbbb vi 




Table 1 /: Segregation data f:r chromosome 1 of v/ater stress population 3 of Mo17/H39 genotype. 
Primer 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 4£ 
"urne1071 b b h b h h h b h b b h h h h b b h h b b b h h h b b b h b h h h b b h h b h h b h b b h h b h b 
•phi427913 b b h b h h h b h b b h h h h b b h h b b b h h h b h b h b h h h b b h h b h h b h b b h h b h b 
*bnlg1429 b b h h h h h h h b b h h h h b b h h b b h h h h b h b h b b b h b b b h b h h b h b b h b b h b 
•bnlg1953 b b h h h h b h b b b h b h h b b h h b b h h h h b h b h b b b h b b b h b h h b h b b h b b h b 
•bnlg439 h b h b h h b h b b h b b b h b b h h b b h h h h b h b h b b b h b b b h h h h b h b b h b b h b 
•phil 39275 h b h b li h b h b b h b b b h b b h h b b b h h h b h b h b b b h b b b h h h h b h b b H b b h b 
*umc1917 h b h b h h b h b b h b b b h b b h b b b b h h h b h b h b b b h b b h h h h h b h b b h b b h b 
•umc1689 . b h b h h b b h b h b b b h b b h b b b b h b h b h b h b b b h h h h h b h h b h b b h h b h h 
•bnlg1598 h b h b h h b b h b h h b b h h b h h b b b h b h b h b h b b b h h h h h b h h b h b b h h b h h 
*umc1035 h b h b h h b b h b h h b b h h b b h b b b h b h b h b h b b b h h h h h b h h b h b b h h b h h 
"umc1278 h b h b h h b b h b h h b b b b b b h b b b h b h b h b h b b b h b h h b b h h b h b b b h b h h 
•bnlg1025 h b h b h h h b h b h h b b b b b b h b b b h b h b h b h b b b h b h h b b h h b h b b b h b h h 
*phl037 h b h b h h h b b b h h b h b b b b h b b b h b h b h b h b b b h b h h b b h h b h b b b b b h h 
•phi094 b b h b h h h b b b h h h b b b b b h b b b h b h h h b h b b b h b h b b b b b b b b b b b b b h 
•ph!167l b b h h h h h b b b h h h b b b b b h b h b h h b h h b h b b h h b h b b b b h b b b b b b b b h 
•bnlg142l b b b h h h h b b b b h h b b b b b b h h h h h b b h h b h b h h h h b b b b h b b b b b b b b h 
"bnlglOSS b b b h h h h b b b b h h b b b b b b h h h h h b b h h h h b h h h h b b b b h b h b b b b b b h 
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*umcl071 h h h b b h h b h b h b b h b h b b b h h h b b b b b h h b h b h h b b h h h h h h b b 
•ph!427913 h h h b b h h b h b h b b h b h b b b h h h b h b b b h h b h b h h b b h h h h h h b b 
•bnlg1429 h h h b h h h b h b h b b h b h b b b h b b b h b b b h h h h b h h b b h h h b h h b h 
•bnlg1953 h h b b h h h b h b b h b h b h b b h h b b b h h b b h h h h h h h b b h b h b h b b h 
*bnlg439 h h b h h h h b h b b h b b b h b b h h b b b h h b b h h h h b h h h b h b h b h b b h 
"phil 09275 h h h h h h h b h b b h b b b h b b h h b b b h h b b h b b h b h h h b h b h b h b b h 
*umc1917 h h h h h h h b h b b h b b b h b b h h b b b h h b b h b b h b h h h b h b h b h b b h 
*umcl689 h h h h h h h b h h b h b b b b b b h h b h h h h b h h b h h b h h h b h b h b h b b b 
•bnlg1598 h h h h h b h b b h b h b b b b h h h h b h b h h b h h b h h b h h h h h b h b h b b b 
*umc1035 h h h h h b h b b h b h h b b b h b h h b h b b h b h h b h h b h h h h h b h b b h b b 
"umci278 h h h h h b b h b h h h h h h b h b h h b h b h h b h h b b h b h b h h h b h h b h b h 
•bnlg1025 h h h h h b b h b h b h h h h b h b b h b h b h h b h h b b h b h b h h h b h h b h h h 
•phi037 h b h h h b b h b h b h h h h b h b b h b h b h h b h h b b h b h b h h h b h h b h h h 
•phi094 h b b b h b b h b h b h h h h b h b b b b h b b h b h b b b h b b b h h h b h h b h h h 
*phi1671 h b b b h b b h b h b h h h b b h b b b b h b b h b h b b b b b b b h h h b h h b h h h 
•bnlgl421 b h h b h b b h b b h h h b b b h b b b |b h b b h b h b h b b h b b h b h h h h b h h h 
"bnlgioss b h h b h b b h b b h h h b b h h b h b b h b b h b h b h b b h b b h b h h h h b h h h 
Table 18: Segregation data for chromosome 10 of water stress population 3 of Mo17/H99 genotype. 
iample 
Primer 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 
'j'nc2018 h b n h h h b b h h b b b b h b b li h b h b h b b h h 0 b h h b b b b b b 3 11 :i h b h h b h h h h 
•phi059 h b h h h b b b h b b b b b h b b b h h h b h h b h h 11 b b h h b b b b b b h h h b h h b h h h h 
•PhiOSO b b h b h b b h b b b b b b h b b b b h h h h h b h h h b b h h b b b h b b h h h b b h h h b h h 
*umc1077 b b h b h b b h b b b b b b h b b b b h h h h h b h h h b b h h b b b h b b h h h b b h h h b h h 
"umc1506 b b h b h b b h b b b b h b b b b h b h h h h h b h h h h b h h h b b b b b h h h h b h b h b h h 
*umc2122 b b h h h b b h b b b b h b b b b h b h h h h h b h h h h h h b b b b h b h h h h h b h b h h h h 
•umc1084 b h b h h b b h b b b b b b b h h h b h b b h h b h h h h h b b b b b b b h h b h h b h b h h h b 
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*umc2018 b b b b b h b h b b h b b b b b b b h h b b h h h b b h b h b b h b h h h b h h h h b b 
•phi059 b b b b b h b b b b h b b b b h b b h h h b h h h b b h b h b b h b b h h b h h h h b b 
•PhiOSO b b b b b h b b b b h b b b b h b h h h h h b h h b b h b b b h b b b h h b h h b h b b 
*umc1077 b b b b b h b b b b h b b b b h b h h h h h b h h b b h b b b h b b b h h b h b b h b b 
'unie 1506 b b b b h b b h b b h b b b b h b h h h h b b h h b b h b b b h b b b h h b h b b h b b 
"umc2122 b b b b h b b h h b h b b b b h b b h h h b b h h b b h b b b h b b b b h b h b b h b b 
*umc1084 h b b b h b h h h b b b b b b h b b h h h b b h h b b h b h b h b b b b h h b h b h h b 
Table 19: Segregation data fer chromosome 1 of Non-Stress population 4 of Mo17/H93 genotype. 
"""---^Sample 
Primer"~— 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 
"umc1071 h h b h h h b b b b b b b h b b b h h h h b h h b h b b h h h b h h h b b b b b b b b b b h h b h 
•phi427913 H H B H H H B B B H H B B H H B H H H H H B H H B H B B H H B H H H H B B B B H B B B B B B H B H 
•bnlg1429 H H B H H H B B B H H B B H H B H H H B H H H H B H H B H H B H H H H b b b B H H B B B B B H B H 
*bnlg1953 b h b h h h b b b h h b b h h b h h h b b h h h b h h b h h b h h h h b b b b h h b b b b b h h h 
•bnlg439 B H B H H H B B B H H B H H B H H H H B B H H H B H H B H H B H II H H B B H B H H H B B B B M H H 
•phi109275 b h h r. h h b b b h h h h h b h h 11 h b b b h h b h h b h h h h h h h b b 11 b b h h b b b b h h 11 
"umcl917 B H H B H H B B B H H B H H B H H H H B B B H H B H H B H H H H H H H B H B B B H H B B B B b B H 
•umc16B9 B H H B H H B H B H H B H H B H H H H B B B B H B B H B H H H H H H H B H B B B H H B H B B B B B 
"bnlgl598 h h h b h h b b b h b b b h b h h h h b b b b h b b h b h b h h h h h b h h b b h h b b b b h b b 
"umc1035 h H H B B H B B B H B B B H B H H H H B B B B H B B H B H B H H H H H B H H B B H H B B B B H B B 
'U1278 h h h b b h b b b h b b b h b h h h h b h b b h b b b h h b h h h h b b h h b b h h b b b b h b b 
•bnlg1025 H B H B B H H B B H B B B H B H h H H B H B b H b B b H H B H b H h b H H H B B H H B B b B H B B 
*phl037 H B h B B H H B B H B B B H B H H H H B h B B H B B B H H B H B H H B H H H B B H H B B B B h B B 
•phl094 H B H H B H H B B H B H B H B H H B H B H B H H B B B H H B B H H H B H H B B B H H B B H h H B B 
•phi1671 H B H B B H H B B H B H B H B H H B H B H B H H B B B H H B B H H H B H H B B H H H B B H H h B B 
•bnlg142l h b h b b h h b h h b h b h b h h b h b h b h h b h h h h b b h b h b h h b b h h h b b b h h b h 
*bnlg1055 H B H B B H B B H H B H B H B H H B B B H B H H B H H H H B B H B H B H H B B H H H B H B H H B H 
50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 
•umci07l b b h b b b h b b h b b h b b h b h h b h b b b b b h b h h h h b b b b h b b b b b b h 
•phi427913 B B B B B B H B B H B H H B B H H H H B H B B B B B H B H H H H B B B B H B B B B B B H 
•bnlgi429 B B B B B B H B H H B H H B B H H H H B H B B B B B H B H H H H B B B B H B B B B B h H 
•bnlg1953 h h b b b b b b h b b h h b b h h h b b h b b b b b b b b h h h b b b b h b b b b b h h 
*bnlg439 H H B B B B B B H B B H B H B H H B B B H B B B B B B B B H H H B B B B H B B B H B H H 
•phil 09275 h h b b b b b b h b b h b h b h h b h b h b b b b b b b b h b h b b b b h b b b h b h h 
"umcl9i7 H H B H H B B B H B B B B H B H H b H B H B B B B B B B B H B H B B B B H B B B H B H H 
*umc1689 H B B H H B B H H B B B h B B H H B H B H B B B B B B B B B B H B B B H H B B B B B B B 
•bnlg1598 h b b b h b h h b b b h h b b h h b h b h b b b b b b b b b b h b b b h h b b b b h b b 
*umc1035 H B B B H B H H B B B H H B B H H B H B H B H B B B B B H B B H B B B H H B B B B H B B 
"U1278 h h b b h b h b b b h h h b b b b b b b h b h b h b b b h h b h b b b h h b b b b h b h 
"bnlg1025 H H B B H B H B B B H H H B B B B B B B H B H B H B B B H H B H B B B H h B B B B H B H 
'phi037 H H H B M B H B H B H H H B B B B B B B H B H B H B B B H H H H B B B H H B B B B H B H 
"ph!094 H H H B H B H B H B H H H B H B B B B H H B H B H B B B H H H H B B B H H B B H B H B B 
•phi1671 H H H B H B H B H B H H H B H B B B B H H B H H H B B B B H H H B B B H H B B H B H B B 
•bnlgl42l h h h b h b h b h b h h b b h b b b b h b b b h b b b b b h b b h b b h h b b h b h b b 
"bnlg1055 H H H B H B H B H B H H B B H B B B B H B B B H B B B H B H B B H B B H H H B H B H B B 
Table 20: Segregation data for chromosome 10 of Non-Stress population 4 of Mo17/H99 genotype. 
—^Sample 
Primer — ^ 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 
•umc2018 B H B H H H H B H B H H H - H H B H B H B H ti H H B H B H H H H H b ti H B ti H B ti H B H H • H B 
•phi059 B H B H H B H B B B H H B H H H H B H B H B H B B H B H B H H H H H B B H B B B B B H B H H H H H 
'P;v 250 B H B H B B H B B B H H B B B H B B 11 B H B H B B H B B B H H H H H B B B H B B B B H B H H B H H 
•umc1077 B H B H B B H B B B H H B B B H B B H H H B H B B H B B B H H H H H B B B H B B B B H B H h B H H 
*umc1506 b h b h b b h b b b h h b b b h b b b h h b h b b h b b b b h h h h b b b h b b h b h b b h b h h 
"umc2122 h h b h b b h h b h h h b h b h b h b h b b h b b h b b b b h h h h b b b h b b h b h b b h b h h 
'umc 1084 H H B H B B H H B B H H B h B H B H B H B B H B B H B B B B B h H H B H B H B B B B B B B B B H H 
50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 
-umc2018 H U B B B H H b b H B B H B B H H H B B B H H H B B U H B B B H B b H B B B H B H H B B 
•phl059 H B H B B H H B B H B B H B B H H H B H B H B H B B B H B B B H B B H B B B H B H H H B 
•PhiOSO H B H B B B H B B B B B H B B H H H B H H H B B B B B H B B B H B B H B B B H B H B H B 
"umc1077 H B H B B B H B B B B B H B B B H H B H H H B B B B B H B B B H H B H B B B H B H B H B 
*umc1506 h h h b b b h b b b b b h b b b h h b h h h b b b b b h b b b h h b h b b b h b h b h b 
*umc2122 h h h b b b h b b b b b h b b b h h b h h b b b b b b h b b b h h b h h b h h b h b h b 
*umc1084 H H B B B B H H B B B B H B B B H H B H H B B H H B B H B H B H M B H H B H H B H B H B 
Table 21: Segregation data for chromosome 1 of I  Ion-Stress population 5 of [ ic17/H33 genotype. 
Sample 
Phmer~-^^ 1 2 3 4 5 6 7 B 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 
"umc1071 b h b b h b h h h b b b h h b b b b h h b h h h b h b b b h b h h h b b b b b b b b h b h b h b h 
"phl427913 b h b b h b h h h h b b h h b b b h h h b h h h b h b b b h b h b h b b b h b b b b h b h b h b h 
"bnlg1429 b h b b h b h h h h b h h h h b b h h h b h h h h h b b b h b h b h b b b h b b b b h b h b h b h 
*bnlg1953 b h b b h b h h h h b h h h h b b h h h b h h h h h b b h b h h b h b b b h b b b b h b h b h b h 
"bnlg439 b h b b h b h h b h b h h h h b b h li b b h b h h li b b h b h b b h b b b h b b b b h b h b h b li 
•phi 109275 b h b b h b h h b h b li h h h b b h li b b 11 b h h h b b h b h b b h b b b li b b b b li b b b h b h 
"umc1917 b h b b h b h h b h b h h h h b b h h b b h b h b b b h h b h b b h b b b h h b b b h b b b h b h 
*umc1689 b h b b h b b b h h b h b h h b b h h b b h b h b b b h h b h b b h b b b h h b h b h b b b h b h 
•bnlg159B b h b b h b b b h h b b b h h b b b b b h h b h b b h h b b h b b h b b b h h b h b h b b b h b h 
"umcl035 b h b b h b b b h h b b b h h b b b b b h h b h b b h h b b h b b h b b b h h b h b h b b b h b h 
•umc1278 b b b b h b h b h h b b b h h b b b b b h b b b b h h b b b h h b b b b b b b b h h b b . b b b h 
'bnlg1025 b b b b b b h h h b b b b h h b b b b b h b b b b h h b b b h h b b b b h b b b h h b h b b b b h 
•ph!037 b b b h b b h h h b b b h h h b b b b b h b b b b h h b b b b h b b b b h b b b h h b h b b b b h 
*phi094 b b b h b b h h h b b b h h h b b b b b h b b b b h h b h b b h h b b b h b b b h h b h b b b b h 
•ph!1671 b h b h b b h h h b b b h h b b b b b b h b b b b h h b h b b h h b h b h b b b b h b h b b b b h 
•bnlgi.421 b h b h h b h b b b b b h h b b b b b h h b b h h h h b h h b h h b h b h b h b b h b h b h b b h 
'bnlgioss b h b h h h h b b h b b h h b b b b b h h b b h h h h b h h b b h b h b h h h b b h h h b h b b h 
50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 
"umc1071 h b b h h h b b b b b h b h b h b b b b b h h b b b b b h b h b h b h b b b h h b h h b 
"ph!427913 h h b h h h b b b b b h b h b h b b b h b h h b b b b b h b h h h b b b b b h h b b 11 b 
•bnlg1429 b h h b h h b b b b h h b h b h b b b h b h h b b h b h h b h h h b b b b b h b b b h b 
•bnlg1953 b h h b h h b b b b h h b h b h b b b h b h h b b h b h h b h h h b b b b b h b b b h b 
"bnfg439 b h h b h h b h b h h h b h h b b b b h b h h b b h b b h b h h h b b b h b h b b b h b 
•phi109275 b h h h h h b h b h h h b h h b b b b h b b h b b h b b h b h h h b b b h b h b b b h b 
*umc1917 b h h h h h b h b h h h b b h b b b b h b b h b b h b b h b h h h b b b h b h b b h h b 
"umc1689 b b h b b b b h b h h b h b b b b h b h b b b h h h b b h b b b h b b b h b b b b h h b 
"bnlg1598 h b h b b b b h b h h b h b b b b h b h b b b h h h b b h b b b h b b b h b h b b h h b 
*umc1035 h b h b b b b h b h b b h b b b b h b h b b b h h h b b h b b b h b b b h b h b b h h b 
*bnlg1278 h b h b b b h b b h h b h b b b b h b b b b b h h h b b h b h h h b h b h b h b b h h h 
•bnlgl025 h h h b b b h b b h h b h b b b b h b b b b b h h h b h h b h h h b h b h b h b b h h h 
*phi037 h h h h b b h h b h h b h h b b h h h b b b b h h h b h h b h h h b h b h b h b b h h h 
•phi094 h h h h b b h h b h h b h h b b h h h b b b h b h h b h h b h h h b h b h b h b b h b h 
"phi1671 h h h h b b h h b h b b h b h b h h h b b b h b h h b h h b h h b b h b b b h b b h b h 
•bnlg1421 h h b h b b h h b h b b h b h b h h h b b b b b h h b b h h h h b b h h b b b b h h b h 
•bnlglOSS h h b h b b h h b h b b h b h b h h h b b b b b h h b b h h h h b b h h b b b b h h b h 
Table 22: Segregation data for chromosome 10 of No:v3;ress population 5 of Mo17/H33 genotype 
.gample 
Primer \ ^ 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 
"umc20l8 h b h h b h h b h b h h h h b h h b b b b h h h b b h h b b b h h b b b h b b b b h b b b h h b h 
•phi059 h b h h b h h h h b h h h h b h h b b b b h h h b b h h b b b b h b h b h b b b b h b b h h h b h 
•PhiOSO b b h h b h h h h b h h b h h h h b b b b h h h b b h h b b b b b b h b b b b b b h b b h h h b h 
*umci077 b b h h b h h h h b h h b h h h h b b b b h h h b b h h b b b b b b h b b b b b b h b b h h h b h 
"umcl506 b b b h b h h h h b h h b h h b b b b b b li h h b b h h b b h b b b h h h h b b b h h b li h h b h 
•umc2122 b b b h h b h b h b h h b h h b b h b b b h n h b b h h b b b b b b h b b b b b b h h b b h h b h 
"umc1084 b b b h h b b b b b h h b h h b b h b b b b h b h b h h h b b b b h h h b b b b h h h b b h h b h 
50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 
*umc20l8 h h b b b b b h b h b h b h h b h b b b b h b h b b h h b b b b h h b h h h h b h h b b 
-ph!059 h h b b b b b h b h b h h h h h h b b b h h b h b h h h b b b h h b b b h b h b h h b b 
•PhiOSO h h b b h b h b b h b h h h b h h b h b h h b h b h h h b b b h h b b b h b h b b b b b 
"umc1077 h h b b h b h b b h b h h h b h h b h b h h b h b h h h b b b h h b b b h b h b b b b b 
*umc1506 h h b b h b h b b h b h h h b h h h h h h h b h b h h h b b b h h b b b b b h b b b b b 
*umc2l22 h h b h h b h b b h b h h h b h h h h h h h h h b h h h b b b h h b b b b b h h b h b b 
*umo1084 h h b b b b h b b h b h b h b h h h h h h h h h b h h h b b b b h h b b h b b h h h b b 
Table 22: Segregation data fDr chromosome 1 of Non-Stress population 5 of [/ loi - 'MS3 genotype 
-^Sample 
Prime?"" 1 2 3 4 5 6 7 B 9 10 11 12 13 14 15 16 17 IB 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 
Vt 
00 
50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 
"umc1071 h b b b h b b b h h h b h h b h h h b b b h b h b b h h h b h b h b b b b h b b b h h h 
*phi427913 h b b b h b b b h h b b h h b h h h b b b b b h b b h h h b h b h h b h b h b b b h h h 
*bnlgl429 h b b b h b b b b h b b h h b h h h b b b b h h b b b h h b h b h h b h b h b b b h h h 
•bnlg1953 h b b b h b b b b h b b h h b h h h h b b b h h b b b h h b h b h h b h b h b b b h h h 
•bnlg439 h b b b h b b b b h b b h h b b h h h h b b h h b b b h b b h b b h b b b h b b b h b b 
*phl109275 b D b b h b b b b h b b h h h b h h h h b b h h b b b h b b h b b h b b h h b b b h b b 
•umc1917 b b b b h b b h b h b b h h h b b h h h b b b h b b b h b b h h b h b b h h b b b h b b 
*umc1689 b b b b h b b h b h b b h h h b b h h h b b b h b b b h b b h h b h b b h h b b b h b b 
*bnlg1598 b b b b h b b h h h b b h h h b b h b h b b b b b h b b b b h h b h b b h h h b b h b b 
"umc1035 b h b b h b b h h h b b h h h b b h b h b b b b b h b b b b h h b b b b h b h b b b b b 
"umc1278 b h b b h b b b h h h b h h h b b h b h b b b b b h b b b b h h h b b b h b h b h b b h 
•bnlg1025 b h b b n b b b h h h b h h h b h h b h b b b b b h b b b b h h h b b b h b h b h b b h 
*phi037 b h b b h b b b h h h b h h h b h h b h b b b b b h b b b b h h h b b b h b h b h b b b 
"phi094 b h b b h b b b h h h b h b h b h h b h b b h b b b h b b b h b h b h b b b h b h b b b 
•phi 1671 b h b h b b b b b h h b h b h b h h b h b b h b b b h b b b h b h b h b b b h b h b b b 
•bnlgl42l b h b h b b b b b b h b h b h b h h b h b b h b h b h b b b h b h b h b b b b b h b b 
"bnlglOSS h h b h b b b b b b h b h b h b h h b h b b h b h b h b h b h b h b h b b b b b h b b 
"umcl07l b h h h b b b b h b h b b h b h h h b h b b h b b b h h h b b h b h h b b b b b b h b h b b h h h 
*phi427913 b h h b b b b b h b h b b h h h h h b h b b h b b b h h h b b h b h h b b b b b b h b b b b h h h 
*bnlg1429 h h h b b b b b b b h b b h h h h h b b b b h b b b h h b b b h b h h b b h b b b h b b b b h h 
"bnlgl953 h h h b b b b b b b h b b h h h h h b b b b h b h b h h b b b h b b h b b h b b b h b b b b b h h 
•bnlg439 h b h b b b b b b b h b b h h h h h b b b h h b h h h li b b b h b b h b h h b h b h b b b b h h 
•phi109275 h b h b b b b b b b h b b h b h h b b b b b h b h h h h b b b h b b h b b h b h b h b b b b b li b 
"umc1917 h b h b b b b b b b h b b h h h h b b b b b h b h h h h b b b h b b h b b h b h b h h b b b h h 
*umc1689 h b h b b b h b b b h b b h h h h b b b b b b b h h h h b b b h b b h b b h b b b h h b b b b h h 
•bnlgl598 h b h b b b h b b b b b b h h h h b b b h b b b h h h h b b b h b b b b b h h b b h h b b b b h h 
•umc1035 h b b b b b h b b b b b b h h h h b b b h b b b h h h h b b b h b b b b b h h b b h h b b b b h h 
•umc1278 b h b b b b b b b h b b b b h h h b b b b b b h h h h h b b h b b b b h b h h b h h h b h b b h h 
•bnlgi025 b h b b b b b b b h b b b b h h h b b b b b b h b h h h b b h b h b b h b h b b h h h b h b b h h 
"phi037 b h b b b b b b b h b b b b h h b h b b b b b h b h h b b b h b h b b h b h b b h b h b h b b h h 
*phi094 b h b b b b b b h h b b h b h b b h h h h b b h b h b b b b 11 b h b b h h h b b h b h b h b h b h 
•phi1671 b h b b b b b h h b h h b h b b h h h h b h h b h b b b b h b h b b h h h b b h b b h h b h b h 
•bnlg142l b h b b h b b b b h h h h b h b b h h h h b h h b b b b b b b b h b b h h h b b h b h h h b h b b 
•bnlglOSS b h b b h b b b b h h h h b h b b h h h h b h h b b b b b b b b b b b h h h b b h b h h h b h b b 
I able 24: Segregation data for chromosome 10 of f Ion-Stress pcpulaticn 5 of l. lol7/H99 genotype. 
.Sample 
Primer — 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 26 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 
"umc2018 h h h b b b h b h b h h b h b b b h h b h h b h h h b h h h b h b b h h b h b h h b b h b h h h h 
•phi059 b b h b b b h b b b h h b h b b h b h b h h b h h h b h h h b h b b h b h h b h h b b h b h h h h 
•PhiOSO b b h b b b h b b b h h b h b b h b h b h h b b h h b h h h b h b b h b h h b h h b b h b h h b h 
*umc1077 b b h b b b h b b b h h b h b b h b h b h h b b h h b h h b b h b b h b h h b h h b b h b h h b h 
'umc1506 b li li h b b b b h b h h b 11 b h h I) h b h 11 b b h h b h h b b h b b h b h h b h h b b h b h h b h 
•umc2122 b h h h b h b b h b b h b h b h h b b b h h h h h h b h h h b h b b h b h h b h h b b h b h h b h 
'umc1084 h h h h b h b b h b b h b h b h h b b b h h h h h b b h h h h h h b h b h h b h h b b h b h h h h 
50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 




'umc1506 hbbhhbbbhbbbhhbhbbhhbhhbhhhbhhhhhbbbbhhbbhbb ui 
*umc2122 hbbhbbbbhbbbhhhhbbhhbhbbhhbbhhhhhbbbbhhhbhbb ^ 
"umc1084 hbbhbbbbhbbbhbhbbbhbhhbbhbbbhhhhhbbhbbbhbhbb 
Table 25: Segregation data for chromosome 1 of defoliation stress population 1 of Mc17'H33 genotype. 
^-~^Sample 
Pnmer~~-^ 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 4! 
*umc1071 b h b b b b h h h h h b b b h h b b h b b h h b h h b b b h h b b b b b h b h b b h h h h b b h b 
*phi427913 b h b b b b h h h h h b b b h b b b h b b h h b b h b b b h h b b b b b h b h h h h h h h b b h b 
•bnlg1429 b h b b h b h h b h h b b b h h b b h h b h h h b h b h b h h b b b b b h b h h h h h b h b b h b 
•bnlg1953 b h h b h b h h b h h b b b h h b b h h b h h h b h b h b h h b b b b b h b h b h h h b h b b h b 
'bnlg 139 b b h b h b h h b b h b h b h h b b h h b h h b b h b h b b h b b b b b h b h b h h h b b b b h b 
•phi109275 b b h b h b h h b b li b h b h h b b h li b li li b b h b h b b h b b b b b h b h b h h h b b b b h b 
•umc19l7 b b h b h b h h b b h b h b h h b b h h b b h b b h b h b b h b b b h b h b h b h h h b b b b b b 
-umc1689 b b h b h b h h b b b b h h h h b b h b b b h b b b b h b b h b b b h b h b b b h h h b b b b b h 
•bnlg 1598 b b h b h b h h b b b b h h h h b b h b b b h b b b b h b b h b b b h b h b b b h h h b b b b b h 
•umc1035 b b h b h b h h b b b h h h h h b b h h b b h b b b b h b b h b b b h b h b b b h b h b b b b b h 
•umc1278 h h h b h b b h b b b h h h h h b b h h b b h b b b b h h b h h b b b b h b b b h b h b b b b b h 
*bnlg1025 h b h b h b b h b b b h h h h h b b h h b b h b b b b h h b h h b b b b h b b b h b h b b b b b h 
*ph!037 h b h b h b b h b b b h h h h h b b h h h b h b h b b h h b h h b b b b h b b b h b h b b b b b h 
•phl094 h b h b h b b h b b b h h h h h h b b h h h h b h b b h h b h h h b b b b b b b h b h h b b b b h 
*ph!1671 h b h h h b b h b b b b h h h h h b b h h h h b h h b h h b h h h b b b b b b b h b h h b b b b h 
•bnlg142l h b h h h b h h h b b b h b h h h h b h b h h b h h b h h b h h b h h b b h b b h b h h b b b b h 
•bnlg1055 h b h h h h h h h h b b h b h h h h b h b h h b h h b h h b h h b h h h b h b b h b h h b b b b h 
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'umc1071 h b h h h b h b h h h h h b b b b b h h h b b h h b b b h b b b b h b b h b h b h h b b 
phi427913 h b h h h b h b h h h h b b b b b b h h h b b h h b b b h b b b b h h b h b h b h h b b 
bnlg 1429 h b h h h b h b h h h h b b b b b h h h h b b h b b b h h b b b b b h b h b h h h h b b 
bnlg 1953 b b h h h b h b h h h h b b b b b b h h h b b b b b b h h b b b b b h b h b h h h h b b 
bnlg439 b b h h h b h b h h h h b b b b b b h b h b b b h b b - h b h b b b h b h b h h h h b b 
'phil 09275 b b h h h b h b h h h h b b b b b b h b h h b b h b b b h b h h b b h b h b b h h h h b 
'umc1917 b h h h h b h h h h h h b b b b b b h b b h b h h b b b h b h h b b h b h b b h 11 h h b 
'umc1689 b h h h h b h h h h h b b h b b h b h b b h b h h b b b h b h h b b h h h b b h h h h b 
'bnlg 1598 h h h h h b h b h h h b b h b b h b h b b h b h h b b h b b h h h h b h h b b h h h h b 
'umcl035 h h h h h b h b b h h b b h b h h b h b b h b h h b b b b h h h h b h b b h h h h h b 
"lime 1278 h h h b h b h b b h h b h h b h h b h b b h b h b b b h b h h h h h b h b b h h h h h b 
'bnlg 1025 h h h b h h h b b b h b h h b h h b h b b h h h b b b h b h b h h h b n b b h h h h h b 
•phi037 h h h b h h h b b b h b h h b h b b h b b h h h b b b b b h b h h h b h b b h h h h h b 
'phi094 h h h b h h h b b b h b h b b h b b h b b b h h b b b b b H b h h h b h b b h h h h h b 
'phl1671 h h h b b h h b b b h b h b b h b b h b b b b h b b b b b h b h b h b h b h h h h b h h 
•bnlgl421 b h h b b h h b h b h b h h b h h b h b b h b h b b b h b h b h b h b h b h b b h b h h 
•bnlglOSS b h h h b h h b h h h b h h b h h b h b b h b h b b b h b h h b b h b h b h b b h b h h 
T s :: I e 25: Segregation data for chromosome 10 of defoliation stress population 1 of f.'o 1 "VH33 genotype 
.Sample 
Primer~~~-. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 
"umc2018 b h b b h b h b h b b h b h b b h h b b h b b b h b h b h h b b h h h h h b b h h b b b h h b h h 
"phi059 b h b b h b h b h b b h b b b b h h b b h b b b h b h b h h b b h h b h h b h h h b b h h h b h h 
"PhiOSO b h b b h b h b h b b h b b b b 11 h b b h b b b h b h b h h b b b h b h h b h h h h h h b h h h h 
*umc1077 b h b b h b h b h b b h b b b b h h b b h b b b h b h b h h b b b h b h h b h h h h h h b h h b h 
*umc1506 b b b b h b h b h b b h b b b b h h b b h b b b h b h h h h h b b h b h h b h h h b h h b h h b h 
"umc2122 b 1; h b h b h b h b b h b b b b h h 1, b li b b b h b b h h b h b b h b h h b b b h b li h b h h b h 
'umc1084 b h h b h b h b b b b h b h b b h h b b h h h b b b b h h b h h b h b h h b b b h b b h b h h b h 
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"umc2018 b b h b h b h h b h h h b b h h b b b h h h b h h b b b h h h b b h b h b h b b b b h h 
*phi059 b b h b b b h h b h h h b b b h b b b h h h b h h b h b h h h b b h b h b h b b b b h b 
•PhiOSO b b h b b b b b h h h h b b b h b h b h h h h b h b h b b h h b b h h h b h b b b h h b 
"umc1077 b b h b b b b b h h h h b b b h b h b h h h h b h b h - b h b b b h h h b h b b b h h b 
\imc1S06 b b h b h h b b h b h h b b b h b h b h h h h b h b h b b h b b b h h h b h b b b h h b 
*umc2122 b b h b h h b b h b h h b b b h b h b h h h h b h b h b b h h b b h h h b h b b b h h b 
"umc1084 b b h b h h b b h b b h b b b b b h b b h h h b h b h b h h b b h h h h b b b b b b b 
Table 27: Segregation data for chromosome 1 of defoliation stress population 2 of 11o17/H33 genotype 
.Sample 
Primer \ ^ 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 
•umc1071 h h b b h b h b b h h h b b h b h h b h h h h h h h b h b h b h h h b b h b h b h b h b b h b h h 
•phi427913 h b b b h b b b b h h h b b h b h h b h h b h h h h b h b h b h h h h b h b b b h b h b h h b h h 
•bnlg 1429 b b b b h b b b b h h h b h h h h b b h h b h h h h b b b h h h h h h b h b b b h b h b h h b h h 
'bnlg 1953 b b b b h b b b b h b h b h h h h b b h h b h h h h b b b h h h h h h b b b b b b b h b h h b h h 
"bnlg439 b b b h h b h b h h b h li h h h h b h h b h h h l) b b b b h h b h h h b b b b b b b h b h b b h h 
•phi 109275 b b b h b b h b h h b h h h b h 11 b h h b h h h b b b b b h h b h h b b b b b b b b h b h b b h h 
"umc1917 b b b h b b h b h h b h h h b h h b h h b h h h b b b b b h h b h h b b b b b b h b h b h b b h h 
*umc1689 b b b h b b h b h b b b h h b h h b h h b h h h b b b b b h h b h h b b b b b b h b b h h b b h b 
•bnlg 1598 b b b b b b h b h b b b h h b b h b h h b h h h b b b b b b h b h h b b b b b b h b b h h b b h b 
*umc1035 b b b b b b h b h b b b h b h b h b h h h h h h h b b b b b h h b h h b b b b b h b h h h b h h b 
*umc1278 b b b b b h h b h b b b h b b b h b h h h b h h h b b b h b h h b h h b b b b b h b h h h h b h b 
•bnlg 1025 b b b b b h h b h b b b h b b b h b h h h b h h h b b h h b h h b h h b b b b b h b h h h h b h b 
*phi037 b b b b b h h b h b b b h b b b h b h h h b h h h b b h h b h h b b h b b b b b h h h h h h b h h 
*phi094 h b h h b h h h b b b b h b b b h b h h h h h h h h b h h b h h b b h b b b b h h h b b h b b h h 
*phi1671 h h h h b h h h b b b b h b b b h b h h h h h h h h b h h b h h h b h b b b b h h h b b h b b b h 
•bnlg1421 h h h h b h h h b b h b h b b h h b h b h h h h h h b h b b h h h b b b b b b b h h b b h b b b h 
•bnlg1055 h h h h b h h h b b h b h b b h h b h b h h h h h h b h b b h h h b b h b b b b h h b b h b h b h 
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•umc1071 h b h b b b h h h b b b b b b h h b b b h b b b h h b b b h h h b b b h h h h b h h b h 
•phl427913 h b h b b b h h h b b b b b b h h b h b h h b b h h b h b h h h b b b h b h h b h h b h 
•bnlg 1429 h b h b b b h b b b b b b b b h h b h h b h b b h h h h h h h h b b b h b h n b b b b h 
*bnlg1953 h b h b b b b b b b b h b b b h h b h h b h b b b h h h h h h h b b b h b h h b b b h h 
"bnlg439 h h h b b b b b b b b h b b b h b b h h b h b b b h h h h h h h h b b h b h b b b b h h 
'phi109275 h h b b b b b b b b b h b b b h b b h h b h b b b h h h h h h h h b b h b h b b b b h h 
*umc1917 h b b b b b b b b b b h b b b h b b h h b h b b b h h h h h h h h b b h b h b h b b b h 
*umc1689 h b b b b b b b b b h h b b h h b b h h b h b b b h h h h h h h h h b b h h b h b h b h 
•bnlg 1598 h b b b b b b b b b h h h b h h b b h h b b b b b b h h h h h h h h h b h h b h b h b h 
'urne 1035 h b b b b b b b b b h h h b h h b b h h b b b b b b h h h b h h h h h b h h b b b b b h 
"umc1278 b b b b b b b b b b h h h b h h b b b h b b b b h b h h h b h h b h h b h h b b b b b b 
"bnlg1025 b b b b b b b b b b h h h b h h b b b h b b b b h b h h h b h h b h h b h h b b b b b b 
*phi037 b b b b b b b b b b h b h b h h h b b h b b b b h b h h h b h h b h b b h h b b b b b b 
•phi094 h b b b b b b b b b h b h b h h h h b h b b b b h b h b h b h h b h b b h h h b h b b b 
*phi1671 h b b b h b b b b b h b b b h h b h b h h b b b h b h b b b h h b h h b h h h b h b h b 
•bnlgl421 h b b h h h b b b b h b b b h h b h b h h b b b h b h b b b h h b h h b h b h b h b h h 
•bnlg 1055 h b b h h h b h b b h h b b h h b h b h h b b b h b h b b b h h b h h b h b h b h b h h 
J a \ : . i  2 z :  Segregation data for chromosome 10 of defoliation stress population 2 of Mo17/H35 genotype. 
Sample 
Primer-"---^ 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 
-umc2018 b h b b b h h h h b h b b b b h b b b b b h b b h b b h b b b h h h h b b h b b b b b b b b b b h 
"phi059 b h b b b h h h h b h b b b b h b b b b b h b b h b b h h b b h h h h h b b b b b b b b b b b b h 
'PhiOSO b h b b b b h h h b h b b b b h b b b b b h b b h b b h h b b b b b h h b b b b b b b h b b b b h 
•umc1077 b h b b b b h h h b h b b b b h b b b b b h b b h h b h h b b b b b h h b b b b b b b h b b b b h 
'umci53'3 b h b b b b h h h b h b b b b h b b b h h h h b li h b h h b b b b li h li b b b b b b b h b b b b b 
'umc2122 h h b b b b h h h b b h b b b h b b b h b h b b li h b h h b b b b h b h b b b b h b b h b b b b b 
"umc1084 h h b b b b h h h b h h h h b h b b b h b h h b h h b h h b b b b h b h b h b b h b h h b h b b b 
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*umc2018 b b h b b h h h h h b h h h h h h b b b h b h b h h b h h h b b h h h b b h b h b b h b 
*phi059 b b b b b h h h b h h h h h h h h b b b h b b b h b b h h h b h h h h h b h b h b b h b 
•PhiOSO b b b h b b h h b b h h h h h b h b b b b b b b b b b h h h b h h h h h h b b h h b h h 
*umc1077 b b b h b b h h b b h h h h h b h b b b b b b b b b b h h h b h h h h h h b b h h b h h 
'umc1506 b b b h b b h h b b h h h h h b b b b h b h h h b b b h h h b h h h h h h b b h b b h h 
*umc2122 b b b b b b h b b b b h h h h b b b b h b b h h b b b h h h b h h h h b h b b b b b h b 
*umc1084 b b b b b b h b b b b h h h h b b b b b b b h h h b b h h h b h b h h b b b b b b b b b 
Table 29: Segregation data for chromosome 1 of defoliation stress population 3 of l/ ioV/H93 genotype. 
——^Sample 
Primer 1 2 3 4 5 6 7 B 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 
-umc1071 h b h h h b h b h h b b b b b b h b h h h h h h b h b h b b h h b b h b b b b b b b h h b b h h b 
•phi427913 h b h h h b h b h h b b b b b b h b h h h b h h b h b h b b h h b b h b b b b b h b h h h b h b b 
*bnlg1429 h b h h h b h b h b h b h h b h h b h h b b h b b h b h b b h h b b h b b h b b b b h h h b h b b 
"bnlg 1953 b b h h h b h b h b h b h h h h h b h h b b h b b h b h b b b h b b h b b h b b b b h h h b h b b 
•bnlg439 b b h h h b h b h b b b h h h li h h h h b b h b b h b h b b b h b b b b b h b b b b h h h b h b b 
"phi 109275 b b h h h b h b h b I) b h h h h 11 li h h b b 11 b b li b h b b b h b b b b b h b b b b b 11 b b h b b 
"umcl9i7 b b h h b b h b h b b b h b h h b h h b b h b b h b h b b b b b h b b b h b b b b b h b b h b b 
•umc16B9 b b b h b h h b b b b b h b b h b h b h b b h b b h b h b b b b b h b b b h b b b b b b b b h b b 
•bnlg 1598 b b b h b h h b b b h b b b b h b h b h b b h b b h h h b b b b b h b b b h b b b b b b b h b b b 
*umc1035 b b b h b h h b b b h b b b b h b h b h b b h b b h h b b b b b b h b b b h b b b b b b b h b b b 
•bnlg1278 b b b h b h h h b b h h b b h b b h h h b b h b b h h b b b b h h h h b h h b b b h b b b b b h b 
•bnlg 1025 b b b h b h h h b b h h b b h b b h h b b b h b b h h b b b b h h h h b h h b b b h b b b b b h b 
•ph!037 b b b h b h h h b b h h b b h b b h h b b b b b . h h b b b b h h h h b h h b b b h b b b b b h b 
*phi094 b b b h b h h h b b b h b b h b b h h b h b b b h h h b b b b h h h h b h h b b h h b h b b b h b 
'phil 671 b b b h b h h h b b b h b b h b h h h b h b b b h h h b h b b h h h h b h h b b h h b b b b b b b 
•bnlg142l b b h h b h h h b b b h b b h b h h h b h b b b h b h b h b h h h h h b h h b h h h b b b h b b h 
"bnlglOSS b b h h b h h h b b b h b b h b h h h b h h b b h b h b h b h h h h h b h h b h h h b b b h b b h 
50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 
"umc1071 b b b h b h b b b b b h b b b h h h b b h b h h b b b h n h h h b b h b h h h b h b b b 
'phi427913 b h h h b h b b b b b h b b b b h h b b h b h h b b b h h h h h b b h b h h h b h b b b 
"bnlg1429 b h h h h h b b b b b h b b b b h h b b b b b h b b b b h b h h b b h b h h h b h b h b 
•bnlg 1953 b h h h h h h b b b b h h b b b h h b b b b b h b b h b h b h h b b h b h b h b h b h b 
•bnlg439 b h h h h h h b h b h h h b b b h h b b b b b h h b h b h b b h b b h b h h h b h b h b 
•phM 09275 b h h h h h h b h b h h h b b b h h h b b b b h h b h b h b b h b b h b h h h b h b h b 
•umc1917 b h h h h h h h b b h h h b b b h h h b b b b h h b h b h h b h b b h b h h h b h b b b 
"umc1689 b h h b h h h b b b h h h b b b b h h b b b b h h b b b b h b b b b b b h b h h b b b b 
•bnlg1598 b h h b h h b b b b h b h b b h b h h b b b b h h b b b b h b b b b b b b b h h b b b b 
"umc1035 b h h b h h b b b b h b h b b h b h h b b h b h h b b b b h b h b b b b b b b h b b h b 
*umc1278 b b h b h h b b b b h b h b b h b b h b b h b b h b b b b h b h b b b b b b b h b b h h 
'bnlgl025 b b h b h h b b b h h b h b b h b b h b b h b b h b b b b h b h h b b b b b b h b b h h 
*phi037 b b h b h h b b b h h b h b b h b b h b b h b b h b b b n h b h h b b b b b h h b b h h 
*phi094 h b n b b h b b b h h b h b b h b b h b b h b b h b b b h b h h h b h b b b h h b b h h 
"phi1671 h h h b b h b b b h h b h b b h b b h b b h b b h b b b h b h h h b h b h b h h b b h h 
•bnlg1421 h h h b b h b b b h b b h b b h b b h h b h b b b b b b h b h h h b h b h h h h b b h h 
'bnlglOSS h h h b b h h b b h b b h b b h b b b h b h b b b b b b h b h h h b h b h h h h b b h h 
Table 30: Segregation data for chromosome 10 of defoliation stress population 3 of Mo17/H99 genotype. 
~~~^^Sample 
Primer \ 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 
"umc2018 b h b b b h h b h h h b b h b b h b b b h h h b h b h b h h b b h h b b h h b h h h h b b b b b b 
•phi059 b h b b b h h b h h b b b h b b b b b b b h h b h b h b h h b b h h h b h b b h h h h b b b b b b 
•PhiOSO h h h b b b b b h h b b b h b h b b h b b h li li h b h b h h b b b h h b h b b h h h h b b b b b b 
•umc1077 b h h b b b b b h h b b b h b h b b h b b h h h h b h b h h b b b h h b h b b h h h h b b b b b b 
*umc1506 b h h b b b h b h h b b b h b h b b h b b h b b h b h b h h h b h h h b h b b b h h h b b b b b b 
*umc2122 b h h b b b h b h h b b h h b h b h h b b h b b b b h b h h h h h h h b h b b b h h h b b b b b b 
*umc1084 h h h b b b h h b h b b h h b h b h h b b h b b b h h b h h h h h h h b b b b b h h b b b b b b b 
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•umc2018 b h h h b b b h b b h h h b b b b h b b h h h b b b h h b h b h b b b b h h b b h h h b 
*phi059 b h b h b b b h b b b h h b b b h h h b b h h h b b h h b h h h b b b b b b b b h h h b 
TffhiOSO, ; b h b h b b b h h h b h h b b b h h h b b h h h h b h h b h h h b b b b b b b b h h h b 
\imc1077; b h b h b b b h h h b h h b b b h h h b b h h h h b h h b h h b b b b b b b b b h h h b 
•umcisoe: b h b b b b b h h h b h h h b b h h h b b h h h h b h h b h h b b b b b b b h b h h h b 
"tirp 62122. : • b h b b b b b h h h h h h h b h h h h b h b h h h b h h b h h b b b b b h b h b h b h b 
•umc1084' b b b b b h b h h b h h h h b h b h h b h b h h b b h h b b h b b b b h h b h b h b h b 
